ISSN 0006-2979, Biochemistry (Moscow), 2023, Vol. 88, No. 9, pp. 1191-1204 © Pleiades Publishing, Ltd., 2023.

Published in Russian in Biokhimiya, 2023, Vol. 88, No. 9, pp. 1445-1460.

REVIEW

Recent Developments
in Bioprocessing of Recombinant Antibody Fragments

Nevena Zelenovic!, Lidija Filipovic?, and Milica Popovic®**

'Center for Chemistry, Institute for Chemistry, Technology, and Metallurgy, National Institute of Republic of Serbia,
University of Belgrade, 11000 Belgrade, Serbia

2Innovative Centre, Faculty of Chemistry, University of Belgrade, 11000 Belgrade, Serbia

3Department of Biochemistry, Faculty of Chemistry, University of Belgrade, 11000 Belgrade, Serbia

de-mail: la_bioquimica@chem.bg.ac.rs

Received May 13, 2023
Revised July 12, 2023
Accepted August 18, 2023

Abstract—Biotechnological and biomedical applications of antibodies have been on a steady rise since the 1980s. As unique
and highly specific bioreagents, monoclonal antibodies (mAbs) have been widely exploited and approved as therapeutic
agents. However, the use of mAbs has limitations for therapeutic applications. Antibody fragments (AbFs) with preserved
antigen-binding sites have a significant potential to overcome the disadvantages of conventional mAbs, such as heteroge-
neous tissue distribution after systemic administration, especially in solid tumors, and Fc-mediated bystander activation
of the immune system. AbFs possess better biodistribution coefficient due to lower molecular weight. They preserve the
functional features of mAbs, such as antigen specificity and binding, while at the same time, ensuring much better tissue
penetration. An additional benefit of AbFs is the possibility of their production in bacterial and yeast cells due to the small
size, more robust structure, and lack of posttranslational modifications. In this review, we described current approaches
to the AbF production with recent examples of AbF synthesis in bacterial and yeast expression systems and methods

for the production optimization.
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INTRODUCTION

Antibodies have become a staple in diagnostics, im-
aging, and therapeutic applications. In particular, they
are routinely used in various clinical assays, including
immunoblotting, flow cytometry, and immunohisto-
chemistry [1], e.g., for detection of antigens or toxins.
Antibodies can be obtained in a monoclonal form, which
makes possible their wide application in the treatment of
cancer and inflammatory diseases. However, production
of monoclonal antibodies (mAbs) using classical hybrid-
oma technology is restricted, as hybridomas are typically
low-secreting and genetically unstable [2]. Thus, it takes
between 6 to 8 months on average to obtain a reasonable
amount of mAbs. Mouse mAbs are immunogenic and

have low efficiency due to the xenogeneic Fc structure,
so that further humanization is required to utilize them
in therapeutic applications, which ramps up the produc-
tion costs [1].

The development of techniques for recombinant
mAb production in the 1980s had enabled manufac-
turing antibodies on a large scale for utilization in pre-
clinical and clinical trials. Despite obvious benefits of
mADbs, there are some shortcomings, such as a high cost
and time constraints related to their production. Large
molecular mass and heterotetrameric structure of both
classical and humanized mAbs render mAbs them inap-
propriate for some in vivo applications. As an alternative,
different types of antibody fragments (AbFs) of different
formats have been engineered, with single-chain variable

Abbreviations: AbF, antibody fragment; mAb, monoclonal antibody; scFv, single-chain variable fragments; VHH, variable domains

of heavy-chain antibody.
* To whom correspondence should be addressed.
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Fig. 1. Structure of different antibody formats: a) conventional mAb; b) heavy-chain only antibody; c¢) F(ab’)2 fragment; d) Fab fragment; e) scFv;
f) VHH; g) bispecific TT cell receptor (TCR)-scFv fusion; h) PEGylated Fab; i) scFv, truncated Pseudomonas exotoxin A fusion; j) tandem VHH.
Red lines represent interchain disulfide bridges; intrachain disulfide bridges are not shown.

fragments (scFvs), single-domain antibodies (variable
domains of heavy-chain antibodies, i.e., VHHs), and
variable fragments of immunoglobulin new antigen re-
ceptor (VNARSs) being the most common of them [3].
Screening of large AbF libraries has been made possi-
ble by the phage and yeast display techniques that have
significantly accelerated identification of antibodies for
specific antigens and enabled optimization of antibody
structure to enhance its binding properties. Display
techniques, particularly phage display, are a significant
driving force in the discovery of antibodies that can be
further engineered, optimized, and produced [4].

ADbFs can be obtained by proteolysis or genetic en-
gineering (Fig. 1). The most studied AbF types are Fabs
(fragment antigen-binding regions), scFvs, and VHHs.
Fabs can be obtained by enzymatic digestion of IgGs with
papain or pepsin to yield two Fabs or F(ab’)2, respec-
tively. A breakthrough in the production of recombinant
Abs came with the development of scFvs by connecting
the variable domains of the heavy and light chains (VH
and VL, respectively) through a peptide linker to form
a single polypeptide chain. AbFs of this type retain the
antigen-binding capabilities of mAb, but can be ex-
pressed E. coli [5]. VHHs engineered from heavy-chain-
only Abs naturally occurring in camelids are stable and
can bind an antigen despite the absence of the light
chain. VHHSs share structure and sequence similarities

with the VH domains of conventional Abs except for key
mutations in the framework 2 region responsible for the
interaction between the variable domains in conventional
immunoglobulins. Due to their increased structural sta-
bility and reduced propensity for aggregation, VHHSs are
preferred under conditions that require highly stable Abs
(increased detergent concentration, low pH) and can
be used for imaging and therapy of oncological, infec-
tious, inflammatory, and neurodegenerative diseases [3].
Despite their shorter half-life in the circulation because
of the kidney filtration, AbFs offer a number of unique
advantages over classical mAbs, in particular, enhanced
tissue penetration, especially in solid tumors [6], higher
tumor-to-organ ratio [7], and effective penetration across
biological (e.g., epithelial and endothelial) barriers [8].
scFvs and VHHs are emerging as biotherapeutic
agents, because their smaller size allows for better tis-
sue penetration [9]. Biodistribution coefficient (BC,
a ratio of tissue and plasma mAb concentration) can be
used for efficient estimation of tissue concentrations of
proteins based on their pharmacokinetics in the plasma.
The relation between BC and protein size allowed to
derive BCs, values for all tissues. The bigger molecular
weight will result in 50% reduction in the tissue uptake
of protein. The BCs, value for most tissue was found to
be ~35 kDa, indicating that the distribution of AbFs into
tissues would be more efficient compare to mAbs [10].
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A smaller size of AbFs and better BCsy values can help
in AbF dosing and administration, especially in the
case of non-systemic application [11]. AbFs have high
BCs values in kidneys, indicating that they will likely
be filtered and reabsorbed from urine [10, 12]. In recent
years, recombinant AbFs have become one of the most
widely used biopharmaceutical products for therapeutic
purposes, as well as in immunodetection, purification,
and bioseparation [3]. Their biotechnological appeal
stems from the possibility of AbF biosynthesis in bacte-
rial and/or yeast cells and, consequently, lower produc-
tion costs per milligram of protein. In this review, we
have focused on recent advances in the AbF production
in prokaryotic and eukaryotic expression systems, such
as Escherichia coli, Saccharomyces cerevisiae, and Pichia
pastoris.

AbF PRODUCTION IN E. coli CELLS

E. coli as an AbF expression host. Prokaryotic ex-
pression systems are widely used for biosynthesis of
different types of recombinant proteins, including aller-
gens, enzymes, and AbFs [13-15]. The most used bac-
terial host is E. coli, which has evolved from a model
research organism to an industrial producer of heter-
ologous proteins. Around 30% of biopharmaceutical
preparations worldwide are produced in FE. coli, which is
still used as the gold standard in the production of re-

1193

combinant proteins [9, 14]. This organism is well-stud-
ied and thoroughly characterized; it can be easily con-
trolled with various molecular tools. E. coli as a host for
the expression of recombinant AbFs has advantages over
other expression systems, including rapid growth, mini-
mal medium complexity, low production cost, and easy
scaling up. It remains the first choice for a high-amount
low-cost production of nonglycosylated recombinant
proteins. Since AbFs are not glycosylated, they can be
synthesized in E. coli cells without losing their functional
properties [16]. Several FDA- and EMA-approved drugs
based on AbFs have been successfully produced in E. coli
(Table 1). AbFs can be synthesized in different cellular
compartments, such as periplasm (Ranibizumab and
Certolizumab pegol) and extracellular space (Caplaci-
zumab and Oportuzumab), or produced as inclusion
bodies and then refolded (Tebentafusp and Broluci-
zumab) [9, 17].

Numerous strategies for obtaining high yields of re-
combinant AbFs have been developed. There are three
main aspects of AbF production that should be consid-
ered when using E. coli as a producer: strains, vectors,
and cultivation conditions.

Conventional approaches for AbF production in
E. coli cells. AbFs can be successfully produced in the
cytoplasm and periplasm, although production in each
of these compartments has its limitations [19]. For ex-
ample, it is possible to achieve high levels of AbFs syn-
thesis in the cytoplasm the proteins can misfold and

Table 1. FDA- and EMA-approved therapeutic AbFst produced in E. coli cells [ 18]

. Year approved
Name Therapeutic use ADbF format (FDA or EMA)
Blinatumomab acute lymphoblastic leukemia murine bispecific tandem scFv 2014
Moxetumomab hairv cell leukemia disulfide-stabilized Fv (dsFv)-PE38 2018
pasudotox Y fragment of Pseudomonas exotoxin A fusion
Caplacizumab acquired thrombptlc humanized nanobody 2019
thrombocytopenic purpura
Brolucizumab neovascular age—re.l ated humanized scFv 2019
macular degeneration
unresectable or metastatic . . .
Tebentafusp bispecific TCR-scFv fusion 2022
uveal melanoma
age-related macular degeneration,
Ranibizumab diabetic retinopathy, Fab 2006
and macular edema
g:;;(;hzumab active psoriatic arthritis PEGylated Fab 2008
Oportuzumab bladder cancer humanized scFv-trupcated . 2021
monatox Pseudomonas exotoxin A fusion
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form insoluble inclusion bodies. Secretion to the peri-
plasm allows formation of natural disulfide bonds,
but the periplasmic space is limited, which results in
lower yields or formation of aggregates. The periplasm
offers a more straight-forward approach for protein pu-
rification, as it can be lysed under very mild conditions.
The outer membrane can be disrupted by osmotic shock,
mechanical stress, or mild heat treatment. Also, unlike
the cytoplasm, the periplasmic space contains only 4-8%
of native E. coli proteins, which simplifies the purifica-
tion process [20].

The most common strategy of AbFs production is
protein expression in a soluble form in the cytoplasm,
which is simple, typically provides a high protein yield,
and requires no introduction of the signal sequence into
the vector [21]. However, protein expression in the cy-
toplasm of bacterial cells can lead to inadequate forma-
tion of disulfide bonds resulting in the accumulation of
recombinant antibodies mainly in a form of inclusion
bodies. Inclusion bodies can be subjected to in vitro re-
folding, disulfide bond formation, and purification to
restore their functional activity [22]. Recombinant AbFs
can also be produced in the cytosol using mutant E. coli
strains overexpressing disulfide isomerase for the en-
hanced formation of disulfide bonds [23, 24].

To ensure the synthesis of recombinant proteins in
a soluble form, it is better to aim for the optimal rath-
er than maximal protein production. Some research
groups have shown that the activity of disulfide isom-
erase DsbC can increase the yield of functional AbFs.
For example, combination of this approach with co-ex-
pression of oxidoreductases was shown to be the best
strategy for the high-yield production in the cytoplasm
(up to 72 mg/liter) [25, 26]. Fusion with other proteins

Table 2. Modifications of E. coli strains [39]

ZELENOVIC et al.

(e.g., GFP) can increase the solubility of the target pro-
tein. Others fusion tags, like SNAP and SORT, might
provide better expression results but can complicate the
purification process [27].

Although AbFs are not glycosylated, other post-
translational modifications are important for their func-
tional activity. Thus, scFv contains two disulfide bonds,
while Fab contains five or six disulfide bonds. Producing
AbFs with natural disulfide bonds is challenging, espe-
cially on a large scale. An example of successful biosyn-
thesis of AbFs with correctly formed disulfide bonds in
the cytoplasm of E. coli is the CyDisCo system based
on the co-expression of the disulfide-bond-forming
enzyme Ervlp and protein disulfide isomerase (PDI).
This system was tested for expression and purification
of eleven scFv and eleven Fabs expressed from identical
vectors under identical conditions. The use of CyDisCo
yielded large amounts of naturally folded and biological-
ly active AbFs, as was shown by the circular dichroism
spectra. The yield of the purified scFvs and Fab frag-
ments was up to 240 and42 mg/liter, respectively [28].

Compared to the cytoplasm (reducing environ-
ment), the periplasm is a better choice for the disulfide
bond formation in AbFs because it provides a more
oxidizing environment. Furthermore, the presence of
many chaperons and isomerases, such as the Dsb sys-
tem can facilitate correct formation of disulfide bond.
Most proteins are first produced in the cytoplasm and
then secreted to the periplasm through different path-
ways (Sec, SRP, and Tat). For trafficking into the peri-
plasm, proteins need the presence of the signal peptide
(SpA, PhoA, PelB, OmpA, OmpI, DsbA, TorT, and
TolT) at the N-terminus that along with molecular
chaperons and disulfide isomerases (Dsb system) help

Type of modification

Name of strain

Characteristics/Uses

Deficiency by proteases (Lon and OmpT)
Supplementation with rare tRNA
Rosetta

Mutations in glutathione reductase (gor)
and thioredoxin reductase (trxB) genes

Introduction of promoter (araBAD)
or T7 promoter inhibitor ((T7 phage lysozyme)

Introduction of well-titratable
rhamnose promoter (Prha)

Inactivation of methyl cytosine restricting
endonuclease

Coexpression of chaperone

BL21(DE3), BL21Star(DE3)

CodonPlus-RIL (BL21-RIL),
CodonPlus-RP (BL21-RP),

Origami, Shuffle T7,
Rosetta-gami (Novagen)

BL21-AI pLyS

Lemo21(DE3)

McrA, McrBC, Mrr

Agilent technologies strain

reduced degradation of foreign protein

expression of rare codons (arg, ile, leu, pro)

enhanced formation of disulfide bond
in the cytosol

expression of toxic proteins

expression of globular
or membrane proteins

reduced methylation

reduced protein misfolding
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proteins to achieve proper folding and disulfide bond
formation. Around 20 signal peptides can be used for
direct protein secretion to the periplasm [29]. Periplas-
mic targeting has been used in many cases, for example,
for expression of scFv PGT135 in the amounts up to
~1.2 g/liter [8] or several humanized Fab' with the yield
up to 2.4 g/liter [30].

E. coli strains used for AbF production. There are
several strains commonly used in biotechnological ap-
plication (Table 2), in particular, E. coli K-12 (MG1655,
JM109, W3110, BW25113, DH5a, DH1, WK6) and B
[BL21, BL21(DE3), BL21(DE3) pLysS, BL21(DE3)
Rosetta] [31]. K strains are used more often, although
they produce high amounts of acetate which can nega-
tively affect both protein production and cell growth [32].
On the opposite, B strains, which have been derived from
K strains, produce less acetate allowing to grow the cells
at higher glucose concentrations [33]. Therefore, K strains
are a better choice for screening, while B strains are bet-
ter for protein production in biopharmaceutical applica-
tions [34].

VHHs are usually produced in E. coli WK6 expres-
sion system [35] that has been developed from the K12
strain and used for inducible expression of VHH genes.
These cells have a high replication rate and turned out to
be the best choice providing correct disulfide bond for-
mation. VHHs expressed in the periplasm space are typ-
ically modified with various tags, which significantly re-
duces the possibility inclusion body formation [35, 36].
FE. coli WK6 cells have been successfully used for aa
high-yield production of VHH against SARS-CoV-2
spike protein and food allergens [37, 38].

a

T7 Promoter-1

Ncol

His tag

Noul
lacl

pETDuet-1

5420 bp T7 Promoter-2

ori

Ndel

S. Tag
Avil

Terminator

AmpR
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VECTORS FOR AbF PRODUCTION

The choice of promoter is important for the regu-
lation of protein expression and depends on the nature
of the target protein [40-43]. Beside the most common-
ly used T7 promoter, there are several other promoters
that have certain advantages. For example, araBAD is a
strong, tightly regulated, and well-titratable promoter
mostly used for the expression of toxic proteins. Also,
the cspA promoter is a cold-shock promoter, meaning
that protein expression can take place at low tempera-
tures (with the optimum at 10-25°C) [44].

There are several vectors typically used for the AbF
production. Progen has developed a new cloning vec-
tor, pOPE101, that ensures biosynthesis of scFv in a
soluble form (Fig. 2) in E. coli cells. It contains strong
IPTG-inducible 77 promoter, ampicillin resistance gene,
leader sequence that provides protein expression in the
periplasm, and C-myc/Hiss tag for easier purification.
In the case of scFv, the heavy chain was cloned by the
Ncol and Hindlll sites and the light chain was cloned by
the Mlul and Notl sites. The two chains were connected
with 18-residue linker that enabled co-expression of the
two target proteins. New pETDUET-1 vector (Fig. 2)
designed by Novagen, has two multiple cloning sites
(MCSs), each with the 77 promoter. The MSC2 ends with
the T'7 terminator. The vector also contains the Hisg tag
in MSCI and S tag in MSC2 and can be used with any
compatible E. coli strain [40]. For example, pETDUET-1
was used for the production of rHu (Ranibizumab bio-
similar) with the yields up to 2.8 mg/liter (in this case,
the light and heavy chains were cloned into 2 MCS) [41].

b

7 Promoter-1

Ncol

AmpR

pOPE101
3970 bp

HindITl

Mlul

ori Terminator

RBS PelB  VHgene Linker VL gene

—O=- I

C-myc HHHHHH

—

Fig. 2. pETDUET-1 (a) and pOPE101 (b) plasmids used for bacterial expression of AbFs.
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CULTIVATION CONDITONS
FOR HIGH-YIELD PRODUCTION OF AbFs

Attaining high AbF yield in E. coli cells requires op-
timization of numerous production parameters, such as
temperature, agitation, cultivation time, aeration, car-
bon sources, medium, and type of induction [42, 43].

The effect of temperature on the AbF yield has
been well studied. Although the maximum growth rate
of E. coli is observed at 37°C, expression of recombinant
antibodies at lower temperatures (25°C) proved to be a
better solution, as it reduces, as its protein degradation
and formation of inclusion bodies [45].

Several studies have reported that complex me-
dia, such as terrific broth (TB) or EnPresso, promote
cell growth leading to the product overexpression [46].
However, the richness of growth medium has no signifi-
cant effect on the protein yield that is affected by the pro-
tein sequence rather that the medium composition [47].

Optimization of the carbon source concentration
(glucose, glycerol, lactose, glycine) can have a benefi-
cial effect on the AbF expression. Generally, lowering
the concentration of glucose and increasing the content
of glycerol in the medium can increase the amount of
extracellular VHHs [48]. Glycine affects the peptido-
glycan layer of bacterial cell wall, thus increasing cell
permeability, so that proteins can easily leak into the
culture medium. Since the discovery that thirteen per-
cent of VHH sequence is represented by glycine residues,
glycine added to the cultivation medium reduces the
metabolic burden and acts as a precursor for the produc-
tion of AbFs [49].

Reducing the concentrations of IPTG can some-
times be beneficial for the solubility and activity of pro-
duced proteins by decreasing the level of protein expres-
sion. The optimal concentration of IPTG depends on
a protein and should be optimized for each AbF. Abroad
range of IPTG concentrations (from 0.005 to 5 mM)
have been reported, although the most typical IPTG
concentration for the 7'7 lac promoter is 1 mM. In some
cases, there is no need for using the maximum IPTG
concentration as this can burden the cell and induce
the formation of inclusion bodies. On the opposite, low
IPTG amounts often reduce inclusion body formation
and improve protein folding and stability [46].

EXPRESSION OF AbFs IN YEAST

Although production of AbF in E. coli has its ben-
efits (rapid cell growth, easy manipulation, and mini-
mal medium complexity), there are also disadvantag-
es, including formation of inclusion bodies due to the
intracellular oxidative environment. Inclusion bodies
require additional refolding to obtain soluble and func-
tional antibodies [50]. This has led to the development

ZELENOVIC et al.

of eukaryotic expression systems. The most accessi-
ble eukaryotic organism for the production of recom-
binant proteins is yeast. The advantages of this sin-
gle-cell eukaryotic organism are numerous. Yeast easily
grows on simple media and reach high cell density upon
small- and large-scale cultivation. Biochemistry, genet-
ics, and cell biology of yeast are well-studied, allowing
for easy genetic manipulation. As a recombinant pro-
tein expression system, yeast support production of
small and large (over 50 kDa) proteins with high yields
and low levels of contamination with endogenous pro-
teins [51]. Yeast secretes only a few of their own proteins,
which facilitates purification of extracellularly secreted
recombinant protein the medium. Furthermore, yeasty
ensure glycosylation, methylation, acylation, disulfide
bridge formation, and other post-translational modifi-
cation in heterologous expressed proteins of eukaryotic
origin [52, 53]. Yeast provides low production costs and
easy scaling up of the production process in fermenters.
Also, yeast is much more tolerable to the fermentation
conditions, such as pH range, presence of fermenta-
tion inhibitors, high sugar and ethanol concentrations,
etc., compared to E. coli cells (Table 3) [54].

Common yeast species (Table 4) used as hosts for
the expression of recombinant proteins can be non-
methylotrophic Saccharomyces cerevisiae, Yarrowia li-
polytica, Kluyveromyces lactis) and methylotrophic (Pi-
chia pastoris, Hansenula polymorpha, Candida boidinii).
S. cerevisiae and P. pastoris are representatives of the two
groups, respectively, that are most commonly used for
the production of therapeutic proteins [57].

S. cerevisiae is a generally recognized as safe (GRAS)
non-pathogenic organism, which has promoted its use in
food industry. The genome of S. cerevisiae strain S288C
was the first fully sequenced eukaryotic genome [58] that
provided a wealth of information on the genetics and cell
biology of yeast and enabled easy genetic manipulation
of this species. Advances in genetic engineering, stabil-
ity of the expression system, and easy cultivation have
made S. cerevisiae an attractive host for the biosynthesis
of mAbs and AbFs. Production of llama VHHSs in §. cer-
evisiae is a well-established industrial process with a
yield up to hundreds mg/liter [59]. Since then, a wide
range of yeast strains have been employed for industri-
al and research applications, with BJ5464 as the strain
used most often for recombinant protein expression.

Expression of recombinant proteins requires yeast
cells to be transformed chemically or by electroporation
(Fig. 3) to introduce a vector carrying a gene of interest
into the cells. Due to rapid proliferation of yeast cells,
the vector is multiplied along with the target gene. Many
eukaryotic vectors are the so-called shuttle vectors that
can exist in both bacterial and eukaryotic cells. They
have two replication origins and two sets of marker gene,
one of which functions in E. coli and the other functions
in a eukaryotic expression host, most commonly, yeast.

BIOCHEMISTRY (Moscow) Vol. 88 No. 9 2023



MICROBIAL EXPRESSION OF ANTIBODY FRAGMENTS

1197

Table 3. Characteristics of prokaryotic and eukaryotic expression systems [55, 56]

Expression host

Prokaryotic (E. coli)

Eukaryotic (yeasty)

Growth rapid growth (30 min)
Medium complexity minimal

Production cost low

Capacity for scaling up high

Extracellular expression

Protein folding

Post-translational modification o
modification

Contamination risk

Protein type

no, secretion to the periplasm
refolding usually required

lack of eucaryotic post-translation

low-molecular-mass proteins

rapid growth (90 min)

minimal

low

high

yes, secretion to the cultivation medium
no refolding required

vatrious post-translational modifications,
high mannose glycosilation

medium (e.g., with endotoxins) low

low- and high-molecular-mass proteins

Table 4. Most commonly used strains of S. cerevisiae and P. pastoris

Yeast

Strains

S. cerevisiae

BY4716, W303, S288c, A634A, CEN.PK
BJ5464, £1278b, SK1, BY4741, BY4742 BY4743

P. pastoris

wild-type strains (Y-11430, X-33)

strain with different ability of methanol usage (Mut*, Mut*, Mut~)
strains with protease activity deficiency (SMD1163, SMD1165, SMD1168)

strains histidine dehydrogenase deficiency (GS115, KM71, SMD1168)

There are three types of S. cerevisiae expression vectors:
episomal plasmids (YEps), integrating plasmids (YIps),
and centromeric plasmids (YCps).

YEps are the most commonly used vectors for both
intracellular and extracellular production of heterol-
ogous proteins. These vectors are derived from a small
(2-um) circular plasmid multiple copies of which are
present in many naturally occurring strains of .S. cerevi-
siae. The plasmid replicates independently of the yeast
chromosome because it contains its own origin of rep-
lication. Selection of S. cerevisiae clones relies on mu-
tant (auxotrophic) strains that require specific amino
acid (histidine, tryptophan, leucine) or nucleotide (ura-
cil) for growth and can grow on the minimal medium
only if the medium is supplemented with this specif-
ic nutrient. The vector contains a functional wild-type
version of the gene complementing the mutant gene
in the host.

Ylps lack the origin of replication and integrate into
the host genome, while YACs can autonomously repli-
cate in a small number of copies in the host cell.

BIOCHEMISTRY (Moscow) Vol. 88 No. 9 2023

Heterologous genes are placed under control of spe-
cial promoters to increase their expression levels [50, 60].
These promoters can be constitutive, i.e., permanently
active, or inducible, i.e., activated by specific stimuli.
Promoters stimuli derived from S. cerevisiae genes en-
able efficient transcription of heterologous genes insert-
ed into episomal vectors. Easily regulated inducible pro-
moters are essential for producing several heterologous
proteins simultancously. For example, galactose-in-
duced promoters respond rapidly to the addition of ga-
lactose and increase transcription up to 1000 times [61].
In S. cerevisiae, galactose is metabolized in a series of re-
actions to glucose 6-phosphate, which enters glycolysis
or pentose phosphate pathway. Such transformation is
necessary because glycolytic enzymes do not recognize
galactose. This principle is used to express heterologous
proteins in yeast using the GAL I and GAL 10 promoters
that strictly regulate expression of galactose metabolism
genes. Galactose is an unconventional nutrient for yeast
that can be used as the only carbon source in the absence
of glucose in the medium [62].
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Antibiotic
resistant gene

Yeast cell transformation
(chemically or
electroporation)

Selectable

marker
(auxotrophy)

Transformed yeast cell

Yeast fermentation
(optimal pH, T,
supstrate
concentration)

Extracellular
secretion of protein
(S. c. alpha factor)

Solubile recombinant scFV

Fig. 3. AbF expression in yeast: a gene of interest is cloned in the expression vector; yeast cells are transformed with the resulting construct and
fermentation process is optimized; AbFs are produced at a large scale and their glycosylation profiles are analyzed. Created with BioRender.com

with permission.

Production of recombinant llama VHHs in suffi-
cient quantities is a well-established industrial process
that is possible because VHH molecule is stable and sol-
uble. The solubility of VHH comes from its hydrophilic-
ity, which enables VHH secretion from the endoplasmic
reticulum (ER). Unlike VHHs, scFv derivatives are more
hydrophobic and, therefore, less soluble and might ac-
cumulate in the ER [63]. This problem can be solved by
the development of yeast strains overexpressing chaper-
ones and foldases, i.e., proteins ensuring correct protein
folding with subsequent scFv secretion [64]. Also, new
strains are being developed to increase the overall secre-
tory capacity of the yeast, which can be achieved by engi-
neering intracellular protein traffic, reducing proteolytic
degradation, and engineering heat shock response en-
abling higher protein production levels [50].

AbFs are not glycosylated and, hence, can be ex-
pressed in yeast. Thus, S. cerevisiae was used to and,
hence, produce AbF-based drugs Ranibizumab (Ran;
Fab fragment), Pexelizumab (Pex; scFv peptide), and
others (Table 5) using the B184 strain with significant-
ly elevated a-amylase production that was derived from
the AAC strain through random mutagenesis and mi-
crofluidic screening. Elimination of the amylase plas-
mid from the B184 strain yielded the HA strain that was
transformed with the plasmids constructed by inserting
Nan (nanobody consisting of a single V-type domain),
Pex, and Ran genes in the CPOTud vector, respective-
ly. Although the three antibody fragments had differ-
ent molecular masses and post-translational modifica-
tions, they were successfully expressed in the S. cerevisi-
ae HA strain [65].

Table 5. Therapeutic AbFs produced in S. cerevisiae and approved by FDA or tested in clinical trial

Generic name Indication Structure Year approved
Pexelizumab .
(Pex, humanized) coronary artery bypass and angioplasty scFvv phase 3
F;;lrllblﬁzﬁzzize d) macular degeneration Fab 2006
Vobarilizumab . i . bivalent,
(ALX-0061) rheumatoid arthritis, systemic lupus erythematosus bispecific VHH phase 2
ALX-0171 lower rgsplratf)ry tract infection, prophylaxis trivalent, VHH phase 2

of RSV infection
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Hypermannosylation can result in a lower activity,
higher immunogenicity, decreased serum half-life, and
reduced therapeutic efficacy of glycoproteins (Fig. 3).
However, in the case of ADbFs, hypermannosylation
can be avoided by inactivation of MnnZp and Mnnllp
genes for mannosyltransferases responsible for this type
of glycosylation. The knockdown of the Ochlp gene
coding for a-1,6-mannosyltransferase also increased
production of recombinant proteins, including AbFs.
Hence, modification of N-glycosylation can lead to the
increased secretion of proteins [66].

Many heterologous genes are cloned with a sig-
nal sequence coding for a peptide facilitating the trans-
port of a recombinant protein through the cell mem-
brane and its release to the external medium. Addition
of the signaling sequence might significantly simpli-
fy the purification process. The signal sequence most
commonly used in yeast was derived from the mating
factor al (MFal) gene (Fig. 3). Typically, it is insert-
ed immediately upstream of the gene of interest [67].
In addition to the signal sequence, expressed gene may
contain a tag (mostly at the C-terminus) that enables
easy purification and quantification of the recombinant
protein. The most commonly used tags are GFP are
polyhistidine tag [62]. Thus, a scFv fragment with the
C-terminally fused GFP was produced in S. cerevisiae
BJ5464 strain, with GFP fluorescence used to monitor
its intracellular processing [68].

However, S. cerevisiae yeast have several limita-
tions, including plasmid instability, hyperglycosylation,
and low protein yield, which have led to the develop-
ment of alternative expression systems, including methy-
lotrophic yeast P. pastoris.

Like S. cerevisiae, P. pastoris is a single-cell GRAS
eukaryotic organism [50] that can be easily genetical-
ly manipulated and cultivated. P. pastoris cells provide
many post-translational modifications, such as proper
protein folding, glycosylation, and disulfide bond forma-
tion. Compared to insect or mammalian cells, P. pastoris
offers faster, easier, and more cost-efficient production
of recombinant proteins. The main advantage of P. pas-
toris compared to S. cerevisiae is a lower degree of heter-
ologous protein glycosylation [52]. The use of P. pastoris
for controlled expression of heterologous proteins is pos-
sible due to the existence of well-regulated and efficient
promoters, ability to grow to a high density in bioreac-
tors on simple media, and secretion of a small number
of endogenous proteins, which significantly simplifies
purification of the protein product [67].

The vector for P. pastoris transformation should
be linearized for efficient integration into the yeast
genome by homologous recombination with the for-
mation of stable transformants. Inducible promot-
er of the AOXI (alcohol oxidase) gene is frequent-
ly employed for the expression of heterologous
proteins using methanol as an inducer. This promoter
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is inhibited by glucose, glycerol, and most other carbon
sources [62, 69]. Alternatively, constitutive promoters
can be used, as they ensure similar expression levels as
the inducible ones. The most commonly used consti-
tutive promoter is pGAP normally regulating expres-
sion of the glyceraldehyde-3-phosphate dehydrogenase
gene [62].

Some P. pastoris expression vectors contain an ad-
ditional sequence (e.g., the pre-pro sequence of S. cere-
visiae MFal) immediately after the promoter that serves
as a signal for secretion of the expressed protein. [69].
Purification of secreted proteins is mainly achieved by
separation of the fermentation medium from the yeast
cell biomass by centrifugation. Next, recombinant pro-
teins can concentrate and purified by various methods,
such as ultrafiltration, precipitation, or chromatogra-
phy, depending on the properties of the target protein.
As an example, we can mention production of the anti-
CEACAMS nanobody in P. pastoris GS115 under con-
trol of the pGAP promoter with a yield of ~50 mg/liter.
Purified nanobodies were used in the early detection of
carcinoembryonic antigen (CEA) in the serum of pa-
tients with gastrointestinal tumors [70].

Selection of the transformed host clones is provid-
ed by introduction of antibiotic resistance genes. There
are two groups of vectors that confer host resistance to
kanamycin (pPIC3K and pPIC9K) and zeocin (pPICZ),
respectively [57]. These vectors also contain unique re-
striction endonucleases sites used for the target gene
cloning, as well as tag sequences (6XHis or GFP) that
allow more straightforward purification of heterologous
proteins.

A new P. pastoris protein expression system named
PichiaPink that can produce large amounts of protein
(up to 12 g/liter) has been introduced by Thermo Fischer
Scientific, USA. The difference between the strain used
in this system and conventional strains is the selection
method based on complementation of adenine auxo-
trophs (and not on antibiotic resistance). At present,
there are four strains available for the transformation and
extracellular protein expression. Proteins are transport-
ed to the extracellular medium with the help of eight se-
cretion sequences. The advantage of this expression sys-
tem is that it can be easily scaled-up, from small to large
fermentation volumes [52].

For the first time, P. pastoris was used as an ex-
pression system for production of LR and 10FG2 hu-
man AbFs that were cloned into the pPICZoA vec-
tor and expressed in P. pastoris strain X33. The vector
contained the a-factor secretion signal sequence en-
abling extracellular expression of the recombinant pro-
teins. Both expressed AbFs were able to bind scor-
pion toxins, indicating that their biochemical and
functional properties were not modified. Also, the yield
of recombinant proteins in P. pastoris was higher than
in E. coli cells [71].
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STRATEGIES FOR IMPROVING
AbF EXPRESSION IN YEAST

The strategies for improving heterologous protein
production are based on varying conditions (tempera-
ture, incubation time, substrate concentration) of S. cer-
evisiae and P. pastoris cultivation. As a carbon source,
S. cerevisiae yeast use 2% glucose or 2% raffinose; pro-
tein expression is induced by addition of 2% galactose
to the medium. For expression of recombinant AbFs,
S. cerevisiae cells are typically grown at 28-30°C [72].
Methanol that serves as a carbon source, is another
component essential for cell growth. It also induces gene
expression thus increasing protein production. How-
ever, excessive concentrations of methanol (over 5%)
can be harmful because of the formation of toxic prod-
ucts, while low methanol concentrations (below 1%)
cause proteolytic degradation of heterologous proteins.
The optimal concentration of methanol is 2-2.5% [55].
Protein expression might be improved by introducing
0.5-1.0% sorbitol in in addition to methanol. Sorbitol
is a carbon source that does not induce or suppress the
AOX promoter, hence, growing yeast on a methanol/sor-
bitol mixture reduces the toxic effects of methanol and
increases cell density and process productivity [55, 73].

Temperature is another significant factor in the cul-
tivation of P. pastoris. The optimal temperature for these
yeasts is 30°C. Increasing temperature to 32°C results
in cell death and decreased protein expression, while
decreasing growth temperature below 28°C ensures cell
viability, reduces proteolytic degradation of expressed
protein, and increases protein yield [55, 74]. Another
critical factor affecting protein production is expres-
sion time. In order to obtain sufficient amount of cell
biomass, P. pastoris cells are grown for 96 h. However,
it was reported that growing cells for long periods of
time affects proteolytic degradation of recombinant
proteins. Therefore, successful protein production re-
quires optimization of the incubation time. It was found
that protein expression occurs mostly between 72 and
96 h, although it can start as early as 48 h after induc-
tion [55, 75].

P. pastoris proved to be an excellent expression
host for AbF production. Two recombinant nanobod-
ies, ALX061 and ALXO00171, obtained in P pastoris
have found application in the treatment of rheuma-
toid arthritis and respiratory syncytial virus (RSV) in-
fection, respectively [50]. Some AbFs have been used
in molecular imaging, e.g., an scFv targeting human
ether-a-go-go-related gene 1 (hERG1) potassium chan-
nel, a hallmark of emerging tumors. Native anti-hERG1
scFv and its mutant anti-hERG1 scFv-Cys variant were
produced in P. pastoris GS115 cells. The highest pro-
tein expression level was reached 72 h after induction.
The mutant variant in which cysteine residue replaced
phenylalanine in the framework 3 of the VH domain
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was more stable in the serum and had a higher affin-
ity to the cell-surface hERG1 antigen, which makes
scFv-hERG1-Cis a convenient tool for molecular imag-
ing in the in vivo diagnostics of cancer [76].

CONCLUSION REMARKS
AND FUTURE PROSPECTS

Production of AbFs has been tested in various eu-
karyotic and prokaryotic expression systems (e.g., mam-
malian cells, transgenic animals, transgenic plants,
insect cells, filamentous fungi, algae, protozoa, yeast,
and bacteria). However, E. coli has several benefits, es-
pecially in terms of large-scale production, that have not
been matched by any other system. Without a doubt,
E. coli cells offer ample advantages, including rapid
growth, high expression levels, possibilities of possibili-
ties of genetic engineering due to vast knowledge on the
genetics and molecular biology of this organism, large
number of expression vectors and mutant host strains,
and cost-efficient cultivation media/conditions.

During the last two decades, yeast-based expres-
sion systems have become common in the production of
recombinant AbFs. Yeast expression systems have sever-
al advantages over bacteria because they are non-patho-
genic, easy to grow, and ensure high expression levels
of recombinant proteins. Unlike prokaryotic expression
systems, yeasty can produce antibodies with human-like
glycosylation patterns. Expression in bacterial cells of-
ten results in the formation of inclusion bodies, while
yeast ensure proper protein folding and generation of
functional proteins. Signal sequences enable direct pro-
tein secretion into the medium, which facilitates further
purification process. The yield of recombinant products
in yeast is high and can reach milligrams to grams per
liter. Therefore, yeast ensure fast and cost-efficient pro-
duction of recombinants proteins.

Other systems that have been developed for expres-
sion of therapeutic AbFs are mammalian cells, plants,
and baculoviruses. Mammalian cells are the only ex-
pression system capable of producing native human
proteins with correct post-translational modification
patterns. Expression in mammalian cells is costly, diffi-
cult, and time-consuming, while the yields are often low.
Purification of AbFs produced in mammalian systems
requires removal of viruses, which adds another level of
complexity to the procedure [9].

Plant expression systems offer a number of ad-
vantages, including low production costs and high
protein yields. Despite the fact that proteins can be
correctly folded in plant systems, post-translational
modifications in these cells, especially glycosylation, dif-
fer from modifications in human cells and might lead to
a potential immunogenicity of such AbFs, which lim-
its the use of transgenic plants. Depending on the used
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promotors, proteins produced in plants can be stored in
leaves, seeds, or both. While protein expression levels
can be high, protein preparations might be contaminated
with other substances, e.g., polyphenols and proteases,
that can hinder purification [9].

Baculoviral expression systems are an excellent plat-
form for the production and post-translational modifi-
cation of human proteins. Compared to other systems,
the flexibility and capacity for the “plug-and-play”
production in baculovirus/insect cell systems are tru-
ly outstanding. While the development of AbF expres-
sion in insect cells and plants is still at the early stage in
both research and clinical settings, these systems have
a good potential to revolutionize AbF production and
engineering, as they can provide fast- and cost-effective
expression of AbFs.
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