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ABSTRACT
Through the discovery of monoclonal antibody (mAb) technology, profound successes in medical
treatment against a wide range of diseases have been achieved. This has led antibodies to
emerge as a new class of biodrugs. As the “rising star” in the pharmaceutical market, extensive
research and development in antibody production has been carried out in various expression
systems including bacteria, insects, plants, yeasts, and mammalian cell lines. The major benefit of
eukaryotic expression systems is the ability to carry out posttranslational modifications of the
antibody. Glycosylation of therapeutic antibodies is one of these important modifications, due to
its influence on antibody structure, stability, serum half-life, and complement recruitment. In
recent years, the protozoan parasite Leishmania tarentolae has been introduced as a new eukary-
otic expression system. L. tarentolae is rich in glycoproteins with oligosaccharide structures that
are very similar to humans. Therefore, it is touted as a potential alternative to mammalian
expression systems for therapeutic antibody production. Here, we present a comparative review
on the features of the L. tarentolae expression system with other expression platforms such as
bacteria, insect cells, yeasts, transgenic plants, and mammalian cells with a focus on
mAb production.
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Introduction

Antibodies are useful tools for many major research
and developmental activities including, but not limited
to, biomarker discovery, disease diagnosis and therapy.
Antibodies have gained a broad interest in today’s bio-
pharmaceutical market which has resulted in intensified
research activities on antibody therapeutics to design
better solutions for cancer, autoimmune diseases, and
emerging infectious diseases [1–3]. High-throughput
discovery of recombinant human monoclonal antibod-
ies (mAbs) has been achieved through phage display
technology in the past decade [4]. The introduction of
semiautomated magnetic-based [5,6] and tip-based [7]
biopanning procedures has helped to ease and speed
the process of mAbs selection. However, the pace of
mAb discovery suffers from the downstream production
bottleneck when bulk production of pure and soluble
recombinant mAbs in industrial scale is required. This
shortcoming has highlighted the urgency to rapidly
develop an efficient platform for mAb production. Until
recently, 50% of therapeutic antibodies were mainly
produced from mammalian cell lines, such as Chinese

Hamster Ovarian (CHO), due to their close similarity to
human posttranslational modification (PTM) patterns
[8]. Exploration of alternative expression platforms such
as bacteria [9], baculovirus (insects) [10], yeasts [11],
transgenic plants [12], and cell-free expression systems
[13] has also been carried out. Even so, utilization of
these nonmammalian platforms is limited by their PTM
and often requires additional humanization steps to
increase the suitability of the mAbs for therapy.

Recently, the eukaryotic protozoan parasite
Leishmania tarentolae has gained considerable interest
as an alternative platform for mAb expression. L. taren-
tolae belongs to the class of Kinetoplastida [14] and to
the order of Trypanosomatida [15]. The life cycle of L.
tarentolae is complex and digenetic, involving two
hosts – the sand fly (Sergentomyia spp.) as the insect
vector [16,17] and gecko (Tarentola mauritanica and
Tarentola annularis) as the vertebrate host [18,19]. In
brief, L. tarentolae is assimilated by female sand flies
during blood ingestion and develops extracellularly
into flagellated promastigotes in the hindgut of sand
flies [16]. The promastigotes will proliferate and migrate
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anteriorly to the proboscis (mouthpart) and are then
introduced into the gecko when the sand fly bites or
through ingestion of the infected sand fly [20]. Unlike
other Leishmania that form intracellular amastigotes in
their vertebrate host, L. tarentolae is rarely observed in
the amastigotes stage. Instead it exists predominantly
as promastigotes in the bloodstream and the lumen of
the cloacae and intestine of gecko [21].

Several modes of recombinant protein expression
are available for L. tarentolae, including secretory or
intracellular expression through constitutive (genome
integrated), inducible (genome integrated or episomal)
or cell-free (plasmid-based or PCR-based) expression
systems. The constitutive expression system maximizes
the expression rate through integration of DNA into the
18S rRNA gene locus of L. tarentolae [22], whereas the
inducible expression system provides tight control over
the transcriptional machinery through the T7 RNA poly-
merase and TET repressor protein [23]. The cell free sys-
tem provides rapid and flexible solutions to
recombinant protein production [24]. Vector systems,
depending on the presence of a signal peptide, can
facilitate either secretory or intracellular protein expres-
sion [25]. In general, L. tarentolae is relatively easy and
cheap to cultivate at high cell densities, offering benefi-
cial potential to harvest recombinant proteins in the
high-mg range [22,23,26]. In addition, Leishmania offers
a unique transcription and translation machinery, which
is valuable for molecular and cellular research as dem-
onstrated in studies on telomere organization and gly-
cosylphosphatidylinositol (GPI) anchoring of proteins
[27,28]. In Leishmania, gene regulation is carried out at
the posttranscriptional level through unique mecha-
nisms such as polycistronic transcription, RNA editing,
tandem array arrangements and trans-splicing
[15,29,30]. Moreover, Leishmania is rich in glycoproteins
capable of providing N-glycosylation (asparagine-
linked) and initial O-glycosylation that are similar to
mammalian cells and homogenous [22,31].
Glycosylation is one of the most important protein
modifications as more than 50% of all human proteins
are glycosylated [32], and recombinant glycoproteins
are the most approved therapeutic proteins [33]. In
addition, protein glycosylation is a quality control
mechanism for the folding status of proteins [34], which
increases their half-life and regulates protein interaction
with cell receptors. In the latter case, the specific glycan
composition or rather the terminal sugar residue dir-
ectly regulates the immune response. Hence, the glyco-
profile is very important for the stability, solubility,
immunogenicity and serum half-life of mAbs, suggest-
ing that L. tarentolae is a suitable host to produce

recombinant antibodies that satisfies therapeutic
requirements [35,36].

The scope of this review encompasses a comparative
view point of the different systems used mainly for
recombinant antibody production which includes bac-
teria, insect cell lines, yeast, transgenic plants, mamma-
lian cell lines, and cell-free expression systems. The
application of the different systems is then compared
to that of Leishmania tarentolae while highlighting the
advantages and disadvantages for glycosylated mAb
production for improved therapeutic efficacy.

Recombinant antibody production

After the establishment of recombinant mAbs as a new
class of therapeutic biodrugs, more than 40 mAbs have
been marketed to treat different cancers and auto-
immune diseases [37]. The application of mAbs for ther-
apy is mainly attributed to their low toxicity, high
specificity towards target antigens and the ability to
induce natural immune responses such as the induction
of apoptosis, opsonization, neutralization of soluble
molecules responsible for diseases and functions as an
agonists or antagonists of cellular activity [38].

There are five classes of immunoglobulins (Ig)
namely; alpha (IgA), delta (IgD), gamma (IgG), mu (IgM),
and epsilon (IgE). Of the five Ig isotypes present in
mammals, IgG is the predominant isotype found in
human and mouse serum [38]. Most of the currently
licensed mAbs belong to the IgG isotype [39]. A deeper
examination of the IgG isotype will show further classifi-
cation into four subtypes (IgG1, IgG2, IgG3, and IgG4),
each differentiated by the amino acid sequence vari-
ation in the constant region of the heavy chain.
Structurally, IgG is a Y-shaped molecule comprising of
two light chains and two heavy chains, each of which
has repeating structural motifs that form into domains.
The domains on the light chain and heavy chain will
pair to interact covalently and non-covalently to form
three moieties – two identical Fab (antigen-binding
fragment) and one Fc (crystallizable fragment) (Figure
1(a)) [40–43]. Fab recognizes and binds to specific anti-
gens, whereas the Fc moiety interacts with ligands such
as Fc receptors (FccRI, FccRII, FccRIII), C1q component
of complement and neonatal Fc receptor (FcRn) [44].
Binding of Fc to FcRn assists transportation of IgG
across the placenta and into the extravascular space.
The interaction determines the catabolic half-life of
antibodies and is independent of glycosylation [45]. On
the other hand, binding of the Fc moiety to the FccR
and C1q complement elicits effector mechanisms such
as antibody-dependent cellular cytotoxicity (ADCC) and
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complement-dependent cytotoxicity (CDC). The process
is reliant on the asparagine-linked (N-linked) glycosyla-
tion of the Fc moiety [46–48]. Each IgG subtype demon-
strates a unique profile of effector functions because of
the variation in their binding ability to the Fcc receptors
and C1q complement [49–51]. Therefore, the choice of
IgG subtype and the glycoprofile becomes a critical
consideration when developing therapeutic mAbs.

In addition, production of therapeutic mAbs requires
stringent regulation because therapeutic use of a non-
native antibody structure with minor changes in its
disulfide bonds and oligosaccharide structures can lead
to adverse effects, like hypersensitivity, that adds fur-
ther risk to the patients [52]. Moreover, both physical
and chemical stability is another important issue in the
development of therapeutic mAbs. Physical instability
tends to cause formation of aggregates, whereas chem-
ical instability tends to cause deamination or oxidation,
which in both cases reduces the efficacy of mAbs as a
therapeutic drug [53]. The stability of mAbs is proven
to be associated with disulfide bonds and glycosylation
within the mAbs structure [53,54].

In today’s market, most of the commercially available
mAbs were manufactured using mammalian cell lines
with human-like glycoprofiles such as CHO, murine
myeloma lymphoblastoid cells (NS0) and mouse Sp2/0

cell lines [38,39]. A bacterial host is not a usual choice
for antibody production because the prokaryotic
machinery is unable to carry out PTMs. Moreover, pro-
tein misfolding in bacteria often results in poor con-
structs that accumulate into nonfunctional inclusion
bodies [55,56]. In short, careful selection of the produc-
tion platform plus glycoengineering of mAbs to
improve their clinical usage would be welcome
improvement in mAbs development procedures.

Glycosylation of antibodies

Glycosylation is a unique PTM process that occurs in
both the endoplasmic reticulum (ER) and Golgi appar-
atus, where a range of glycosidases and glycosyltrans-
ferases covalently conjugate oligosaccharides to an
amino acid within a polypeptide chain [57–59].
Glycosylation in the ER is highly conserved in eukar-
yotes to yield a core heptasaccharide backbone,
whereas glycosylation in the Golgi apparatus adds fur-
ther sugar moieties in which the monosaccharide resi-
dues are species and cell line dependent [59,60].
Random combinations of the monosaccharide residues
can generate hundreds of unique glycoprofiles [53].
While there are several types of glycosylation – O-
linked, N-linked, C-linked, phosphoglycosylation, and

Figure 1. (a) Basic structure of immunoglobulin G (IgG). IgG contains two light chains and two heavy chains, paired into three
moieties (two Fab and one Fc) and linked together through a flexible hinge region. Glycosylation occurs at a single site –
Asn297 on CH2 domain. The N-glycan (circled in dotted line) interacts with the surface of CH2 and the opposing N-glycan to
form a homodimer and horseshoe assembly. (b) N-linked glycan in human IgG Fc. The glycan attached to Asn297 in CH2 domain
has a basic octasaccharides core structure of FucGlcNAc2Man3GlcNAc2 and may be extended by variable addition of galactose
and sialic acid (indicated in bracket). The sugar branches at the central mannose into two arms: a-1,6-linked arm and a-1,3-linked
arm. a-1,6-linked arm interacts with amino acid on CH2 whereas a-1,3-linked arm interacts with the a-1,3-linked arm of opposing
N-glycan.
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glypiation [61], the two main types of glycosylation in
antibodies are O-linked and N-linked glycosylation [62].
O-linked glycosylation occurs by attachment of N-ace-
tylgalactosamine (GalNAc) to the oxygen atom of serine
(Ser), threonine (Thr), or tyrosine (Tyr) residues. N-linked
glycosylation involves the attachment of N-acetylglu-
cosamine (GlcNAc) to a nitrogen atom of asparagine
(Asn) with the defined sequence Asn-X-Thr/Ser-Y, where
X and Y can be any amino acid except proline [40,63].

In human IgG Fc, the glycosylation is N-linked with
complex biantennary type glycans, containing a core
heptasaccharides with variable outer arm monosacchar-
ide residues, such as fucose (Fuc), galactose (Gal),
bisecting GlcNAc (i.e. GlcNAc that is added to the base
mannose residue of the trimannosyl core) and sialic
acid (Neu5Ac). The main N-glycan structure observed
on human IgG CH2 domain (specifically on Asn297)
is an octasaccharide with a fucose, four N-acetylglucos-
amine and three mannose residues (FucGlcNAc2
Man3GlcNAc2). This may be extended by the addition of
galactose and sialic acid (Figure 1(b)). The glycan
branches at the central mannose into two arms: a-1,6-
linked arm interacts non-covalently with the protein
surface, particularly hydrophobic amino acids on the
CH2 domain, whereas a-1,3-linked arm interacts with
a-1,3-linked arm of N-glycan from opposing CH2
domain to form homodimers and maintain the horse-
shoe-like assembly of the Fc (Figure 1) [64,65].
Glycosylation at the CH2 domain has no effect on the
antigen-binding capability. Instead, oligosaccharides are
shown to influence the Fc-mediated effector functions
of the antibody and the action efficacy is mediated by
the type of oligosaccharide [66].

The variations in the IgG glycosylation pattern are
known to alter the efficacy of Fc binding to the FccR
that sensitizes the target for downstream ADCC, CDC
and/or apoptosis [40]. Analysis of rituximab, the first
anti-CD20 designed for the treatment of cancer and
autoimmune diseases, suggests that engagement of
CD20-bound Fc to FccRIIIa on natural killer (NK) cells in
the ADCC mechanism is dependent on the fucosylation
status. An afucosylated rituximab-like product was
shown to have enhanced ADCC activities, largely due to
the reduced steric hindrance upon interaction with the
highly glycosylated FccRIII receptor [67]. Similarly, ana-
lysis of trastuzumab suggests that a lack of fucose in
the Fc could improve the ADCC mechanism [68].
Glycosylation profile engineering could improve sensi-
tization of mAbs and is useful for the development of
mAbs against diseases that produce low levels of anti-
gens, such as lymphoma and leukemia [36].

The glycoprofile also influences the solubility, stabil-
ity and half-life of the antibodies, which are also critical
aspects to consider in therapeutic antibody develop-
ment [53]. Aglycosylated or deglycosylated IgG has
been shown to have reduced functionality and stability
due to the absence of masking effects provided by the
N-glycan [60,61]. While a-1,6-linked arm of N-glycan
interacts with the hydrophobic amino acids on the CH2
domain, it shields the hydrophobic region of the Fc
from the solvent [69]. Thus, changes or removal of the
glycan structures will alter the hydrophobicity of anti-
bodies that will eventually lead to the formation of
aggregates [53].

Different organisms and species used for mAb
expression will yield unique glycoprofiles that give dif-
ferent therapeutic efficacies. Alemtuzumab generated
in the rat YB2/0 cell line was found to present higher
efficacy as opposed to those produced from mouse
NS0 and hamster CHO cell lines [70]. This highlights
that the choice of the production platform has been a
major consideration in generating proper glycosylated
therapeutic mAbs [71]. Moreover, the addition of mono-
saccharides that are not naturally found in human
serum can influence the immunogenicity of the mAbs.
For example, the addition of galactose in an a-1,3-link-
age, N-acetylneuraminic acid (Neu5Ac) in an a-2,3-link-
age and N-glycolylneuraminic acid (Neu5Gc) which
does not naturally occur in humans, are commonly
introduced by mouse NS0, hamster CHO and mouse
Sp2/0 cell lines. These glycans are immunogenic to
humans when administered [72,73]. This is true in the
case of cetuximab produced from mouse Sp2/0 cells,
that contains both a-1,3-galactose and a-2,3-linked
Neu5Gc, and caused an increase in hypersensitivity in
33% of the patients receiving cetuximab treat-
ment [74,75].

Glycosylation is very important in determining the
quality of therapeutic mAbs. Production of mAbs with
the “correct” and homogenous glycoforms to maximize
the therapeutic efficacy has become a major challenge
in biopharmaceutical research as the glycoprofile in
nonhuman related platforms often differs significantly
from human glycoprofiles. Expression platforms such as
bacteria do not perform human protein glycosylation,
while other eukaryotic expression hosts like yeasts,
plants, insects, and nonhuman mammalian cells pro-
duce glycans that are different from humans [76]
(Figure 2). To accommodate these needs, knockout and
knock-in cell lines originating from hamster CHO, Pichia
pastoris, and Lemna have been generated to produce
non-fucosylated, non-galactosylated, fully galactosy-
lated, and fully sialylated mAbs [38]. In addition to
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these expanding efforts to humanize different hosts,
many researchers are also venturing into the develop-
ment of new expression platforms. A suggested new
platform for the expression of therapeutic antibodies is
Leishmania tarentolae. It is capable of producing glyco-
proteins which include a-linked galactose and fucose
residues leading to proteins that are highly similar to
the human counterpart [77].

Conventional antibody expression systems

Bacteria

Bacterial systems have been widely utilized as the work-
horse for protein expression in the past few decades.
The most notable bacterial host is Escherichia coli (E.
coli), a Gram-negative bacterium that survives in the
intestine of many vertebrates. This is the preferred

Figure 2. N-linked glycosylation pattern derived from different hosts. (a) Insect: insect cell produces simple paucimannose N-gly-
can without complex side chains. (b) Yeast: N-glycan in yeast is highly branched and mannose rich. (c) Plant: N-glycan in plant
has b-1,2-xylose which is plant-specific and immunogenic to human. (d) Mammalian cell lines: mammalian N-glycan is similar to
humans, consisting complex bi-, tri-, and tetra-antennary structures. The structure comprises of a core heptasaccharides, two
mannose arms and the addition of fucose (Fuc), galactose (Gal), bisecting N-acetylglucosamine (GlcNAc) (i.e. GlcNAc attached to
base mannose of trimannosyl core), N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc) in different com-
bination, depending on the cell line and cell culture conditions. (e) L. tarentolae: glycosylation in L. tarentolae is highly similar to
mammalian-type N-glycosylation but is devoid of the terminal sialic acid.
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expression host for most of the recombinant proteins,
due to its rapid growth rate with a doubling time of
20min, low cost in a cultivation medium and its cap-
ability to be easily transformed and maintained.
Extensive studies on the genetic, biochemical and
physiological characteristics of bacteria in general have
led to the development of a wide range of genetic
manipulation tools, well-established cloning vectors
and various host strains for effective protein expres-
sion [78].

In spite of the advantages, bacterial systems also
have several drawbacks that limit its suitability for mAb
production. Improper protein folding, endotoxin con-
tamination, amino acid substitution due to codon bias
and accumulation of large proteins into insoluble, non-
functional inclusion bodies are factors that limit the
production of full-sized, functional and safe therapeutic
mAbs from bacterial hosts. Bacteria do not perform
PTM that is crucial to form biologically active and func-
tional mAbs [79]. Glycosylation in E. coli has been
attempted through the introduction of N-linked glyco-
sylation cassettes [80,81], but is generally unsuitable
due to the lack of the PTM machinery and organelles
required for glycosylation.

Nonetheless, bacteria remain a popular choice to
produce aglycosylated antibodies or antibodies in alter-
native formats such as single-chain fragment variables
(scFvs) and fragment antigen binding (Fab), whose effi-
cacy is not influenced by Fc glycosylation [26]. Even
without the glycan, serum half-life and stability of bac-
teria-yield mAbs can still be improved. This can be
achieved using modifications that involve conjugation
with polyethylene glycol (PEG) to increase the serum
half-life and stability [82]. It is this ability that has
allowed for bacteria expression systems to remain rele-
vant for mAb production.

Insect cell lines

Recombinant protein production in insect cell lines has
been achieved through infection by insect-specific
baculoviruses, commonly known as baculovirus expres-
sion systems. The commonly used insect cell lines
include Sf-9, Sf-21 (derived from Spodoptera frugiperda)
[83,84], S2 (derived from Drosophila melanogaster) and
Hi-5 (derived from Trichoplusia ni) [85]. Manipulation of
the insect cells involves homologous recombination
[86] or DNA transposition [87]. The cell lines are main-
tained either in adherent or suspension cultures, with-
out the need of CO2 incubators. The cost of production
using this system is relatively high. Baculovirus does
not infect mammalian cells and are considered

harmless to humans, making it useful for antibody pro-
duction. Strong transcriptional promoters from baculo-
viral polyhedrin gene provides high yield of
recombinant proteins – up to 300mg/L [88].

Insect cell lines have been utilized for the production
of several FDA-approved mAbs [82]. Although insect
cells can carry out N-linked protein glycosylation, they
are unable to produce sialylated N-glycans. Instead,
they produce paucimannose glycans with a-1.3-fucose
linkage that are insect-specific and allergenic to human
[89,90] (Figure 2(a)). Humanization of insect-based
mAbs can be achieved through suppression of b-N-ace-
tylglucosaminidase, introduction of b-1,4-galactosyl-
transferase (GalT) [91] and a-2,6-sialyltransferase [92] to
produce human-like terminally sialylated biantennary
N-glycan.

Yeasts

Yeasts are eukaryotic unicellular fungi with rapid
growth rates. They are cultured in low cost media. They
are able to grow in high cell densities and can easily be
scaled up to a bioreactor environment. Pichia pastoris,
Saccharomyces cerevisiae, and Pichia angusta (formerly
known as Hansenula polymorpha) are a few of the com-
mon yeast species used for glycoprotein production
[93]. As eukaryotes, yeasts possess PTM machinery but
their N-linked protein glycosylation profile is different
from that of native human proteins. While the initial
glycosylation process is very similar to humans where
N-glycan is added to the serine or threonine residue
with Asn-X-Ser/Thr-Y motif, further glycosylation is lim-
ited to mannose and mannosylphosphate. High manno-
sylation in antibodies reduces their half-life and may
also induce immunogenicity in humans [94] (Figure
2(b)). Therefore, yeasts are mainly suitable for the
expression of antibodies that do not require
glycosylation.

Humanization of yeasts to produce human-like gly-
cans has been attempted through knockout of the
mannosyltransferase-encoding gene which conse-
quently eliminates hyper-mannosylation while introduc-
tion of human glycosylation enzymes such as
mannosidases I and II, N-acetylglucosaminyl transfer-
ases I and II, and uridine 50-diphosphate (UDP)-N-acetyl-
glucosamine transporter promotes production of the
human N-glycan intermediate, Man5GlcNAc2 [95,96].
These humanization processes also increase the occur-
rence of a single glycoprofile (homogeneous glycan
pattern) [97] and aid the optimization of the effector
functions of the Fc [98]. This is well demonstrated in rit-
uximab and its counterpart Rituxan. The efficacy of
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humanized rituximab produced in various glycoengi-
neered P. pastoris cell lines has shown 100-fold higher
Fcc binding affinity in comparison to Rituxan, a com-
mercial counterpart produced in hamster CHO
cells [99].

Transgenic plants

Expression of recombinant human proteins using plants
is an interesting approach. The use of transgenic plants
as an mAb production platform is not common and
there is only a limited set of technologies available to
efficiently manipulate the expression process in plants.
However, this cross-kingdom vegetal system can be
advantageous in terms of cost effectiveness and ease to
scale up [8]. Hosts apart from the animal kingdom
could lower the risk of pathogenic cross-contamination
that affects humans [8]. The glycosylation process in
plants is surprisingly similar to that of humans, except
for the presence of plant-specific residues such as the
core a-1,3-fucose and attachment of b-1,2-xylose to the
core heptasaccharides, which makes the product poten-
tially immunogenic [100] (Figure 2(c)). To generate
pharmaceutical valuable mAbs, humanization of an
mAb against CD30 in Lemna minor has been achieved
through ribonucleic acid interference (RNAi) technology
that interferes with a-1,3-fucosyltransferase and b-1,2-
xylosyltransferase synthesis [101]. Terminal sialylation in
plant expression systems has been tackled through the
co-expression of the mammalian sialylation gene along
with the mAb construct in, e.g. Nicotiana benthamiana
[102]. These advances in plant glycoengineering allow
the production of improved therapeutic mAbs. In fact,
N. benthamiana has been employed to produce ZMapp,
an antibody cocktail against Ebola virus, by the knock-
down of the fucosyltransferase and the xylosyltransfer-
ase [12]. The glycoengineered N. benthamiana omitted
the immunogenic nonhuman fucose and xylose, while
the single glycoform production also greatly benefits
the ADCC potency (ED50¼3 mg) as compared to the
counterpart produced in mammalian hamster CHO cells
(ED50¼11 mg) [103,104].

Mammalian cell lines

Mammalian cell lines would seem to be the ideal plat-
form to produce recombinant human proteins.
Commonly used mammalian cell lines include CHO,
NS0 and human embryonic kidney 293 cells (HEK 293).
Mammalian cell lines can yield 50mg/L to 5 g/L of sol-
uble protein with close-to-human glycosylation profiles.
Nonhuman mammalian cell lines such as mouse NS0

and hamster CHO have glycosylation profiles slightly
different from humans: sialic acid in a-2,3-linkages, the
addition of a-1,3-galactose (a-Gal) that elicits adverse
effects as demonstrated in Erbitux (cetuximab), addition
of nonhuman N-glycolylneuraminic acid (Neu5Gc) and
high amounts of a-1,6-fucose that could reduce thera-
peutic efficacy of the mAbs [36] (Figure 2(d)).
Nonetheless, these drawbacks can be overcome
through glycoengineering to promote defucosylation,
increase sialylation, galactosylation, and mannosylation
of the mAbs to improve their therapeutic efficacy [105].

Other drawbacks of mammalian cell lines include the
risk of contaminations, especially viral or mycoplasmic
contaminations from the serum supplements which
could also infect humans. The growth of mammalian
cells is relatively slow with a lower yield when com-
pared to prokaryotic expression systems. The cultivation
process is labor intensive and stringent requirements
for laboratory operations have increased the costs, mak-
ing it uneconomical for many productions. The pros
and cons of bacteria, insects, yeast, and mammalian cell
line expression systems are summarized in Table 1.

Cell-free expression systems

Another protein production platform for consideration
is the cell-free protein expression system (CFES), in
which it is carried out in an artificial environment sup-
plemented with cell lysates, energy sources, and amino
acid building blocks. Independent from the host cells,
this in vitro system provides quick recombinant protein
production that yields a product within few hours.
Some commercially available cell lysates included those
derived from E. coli [93], wheat germ [94], insect cells
[106], yeast [107], rabbit reticulocytes [108], mouse CHO
[109], and L. tarentolae [24]. The cost of CFES is higher,
incurred by the necessity to supply nucleotides, amino
acids, energy system and stabilizing compounds for the
cell lysate to carry out protein production. However,
the capability of CFES in antibody production should
not be overlooked. Freedom from the boundaries of
host cell mechanisms, offers CFES great flexibility in
protein production. The system allows disulfide bond
formation, proper folding and correct assembly of anti-
bodies through supplementation with glutathione
redox buffer, addition of exogenous protein disulfide
isomerase or introduction of chaperonins like DnaK,
DnaJ, GroEL, and GroES [95–98]. Through these supple-
ments, prokaryotic E. coli lysates can successfully pro-
duce properly folded scFv, Fab, and even full-size IgG
[13,99–103]. Cell-free protein production has been suc-
cessfully carried out in other eukaryotes such as insect
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cells, rabbit reticulocytes and wheat germ cells leading
to functionally expressed antibodies [104,105]. While
eukaryotic lysates retain the ability to carry out PTM in
their endogenous microsomal vesicles [106,107], intro-
duction of internal ribosome entry site (IRES) elements
enables the production of glycosylated protein as
exemplified in the production of erythropoietin using
eukaryotic cell lysates [108]. Although there are no clin-
ically approved mAbs produced currently from CFES,
the system is another feasible platform for their produc-
tion, especially with future advancements in
glycoengineering.

Leishmania tarentolae as a potential mAb
expression platform alternative

Leishmania tarentolae is a unicellular eukaryotic proto-
zoan parasite and belongs to the class of Kinetoplastida
[14] and to the order of Trypanosomatida [15]. It was
originally isolated from the ringed wall gecko Tarentola
annularis and Tarentola mauritanica in 1921 [18,19]. Its
life cycle is characterized by alternating between sand
flies (insect vector) and the gecko (vertebrate host),
with the phenotypes of promastigotes and amastigote-
like forms. Promastigotes are mono-flagellated lance-
like structures with a length of 4–12 mm and a width of
0.5–3 mm which is the typical form found in cell culture.
Amastigote-like cells are smaller and round in shape
with a rudimentary flagellum. Many human pathogenic
Leishmania species exist which cause different forms of
leishmaniasis. However, L. tarentolae strain TARII is not
pathogenic to humans. The genome of L. tarentolae has
been fully sequenced, allowing a deeper understanding
and recombinant engineering of this parasitic proto-
zoan host [109].

In the past 25 years, this parasite has been utilized
for a broad range of biotechnological and biomedical

applications. In particular, its protein expression system
is gaining more and more interest among researchers,
because this parasite is easy to cultivate, exhibits
eukaryotic PTM and can easily grow to high cell den-
sities (up to 5� 108 cells/mL) with the potential to har-
vest recombinant proteins in the high-mg range – up
to 30mg/L [16,110]. L. tarentolae is grown as static or
agitated suspension culture in either a brain–heart infu-
sion (BHI) medium or a yeast soybean based complex
medium at 26 �C in the dark without the need of sera
or a CO2 incubator. Cultivation of cells in a bioreactor
for bulk protein production for the industry is also well-
established. Therefore, this system is relatively cheaper
compared to mammalian cell cultures and it provides a
good alternative. Growth media are usually supple-
mented with hemin, an iron-containing porphyrin,
which enhances cell proliferation, regulates metabolic
pathways of respiration and protein synthesis [111,112].
Besides the expensive BHI medium, Terrific broth with
glycerol and glucose has been used for L. tarentolae cul-
tivation [110,111], adding advantages in reducing the
production cost to levels that are comparable with E.
coli. The serum-free growth environment is also advan-
tageous to prevent viral or prion contaminations, mak-
ing products generally safe for consumption or
biomedical applications. Moreover, L. tarentolae
secretes very low levels of endogenous proteins, mak-
ing it well suited for the expression of secretory recom-
binant proteins [77]. The application of L. tarentolae
systems specifically for recombinant antibody expres-
sions is listed in Table 2.

The uniqueness of the L. tarentolae expression sys-
tem comes from its transcriptional and translational
machinery. Briefly, the central dogma of molecular biol-
ogy requires endogenous RNA polymerase (pol) II to
drive the transcription of recombinant DNA cassettes
and the process is well regulated. Overexpression of

Table 1. Comparison of different protein expression platforms.
Bacteria Insect Yeast Plant Mammalian L. tarentolae

Supplement
for growth

Not necessary Not necessary Not necessary Not necessary Animal-based serum Hemin

Costs Very low High Low Low High Low to moderate
Growth rate Fast (division time

20–30minutes)
Slow (division

time 18–24 h)
Fast (division

time 2–4 h)
Slow (division
time 16 h)

Slow (division
time 24 h)

Moderate (division
time 6–9 h)

Up scaling Easy Fair, suitable for
batch produc-
tion only

Easy Easy Not easy Fair

Protein yield High Low to high Low to high Low to high Moderate to high Moderate
Protein quality Poor, formation of

inclusion bodies,
biased codon usage

Good, properly
folded

Fair, trun-
cated protein

Good, properly
folded

Good, properly
folded

Good, properly folded

Glycosylation No Nonmammalian type,
lack of multianten-
nary glycans

High mannose, non-
mammalian type

Nonmammalian type,
contain xylose

Yes, highest
similarity to
humans

Mammalian-type
(missing sialic
acid only)

End products con-
tamination risk

Endotoxins Low Low Low Prion, Virion Low
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recombinant proteins will trigger the transcriptional
control mechanism in the host, which then downregu-
lates the RNA pol II mediated transcription, resulting in
low protein production. In E. coli, the downregulation
can be bypassed through the introduction of T7 RNA
polymerase (from the T7 bacteriophage). However, the
same approach is not applicable to eukaryotic expres-
sion systems, due to the complexity of their transcrip-
tion and translation mechanisms. In eukaryotes,
pre-mRNA transcribed by pol II requires splicing, post-
transcriptional RNA capping and polyadenylation (add-
ition of poly(A) tail) to generate mature mRNA for
effective translation (Figure 3). Since the capping occurs
exclusively for RNA pol II-mediated transcription,
employment of foreign RNA polymerases to bypass the
gene regulation like E. coli is not feasible. L. tarentolae
and other Trypanosomatida are interesting models with
unusual mechanisms compared to other eukaryotes. In
L. tarentolae, the endogenous RNA pol II transcribes
genes into polycistronic pre-mRNA, which is then trans-
spliced into individual mRNA for translation. A 39-
nucleotide spliced leader is added at the 50 end of
the mRNA to form a cap during trans-splicing while the
poly(A) tail is added through polyadenylation. The
trans-splicing mechanism uncouples the transcription
and translation mechanisms, allowing pre-mRNA to be
transcribed by pol I and other foreign polymerases such
as bacteriophage T3 and T7 polymerases [113]. The
expression is regulated posttranscriptionally by inter-
genic untranslated regions (UTRs) or intergenic region
(IR) flanking the open reading frame (ORF). Moreover, in
L. tarentolae all the endogenous mRNAs have the same
splice leader sequence. Therefore, in cell-free expression
system, a single antisense oligonucleotide specifically
targeting to the splice leader sequence can suppress all
the endogenous protein expressions [110]. These
unique characteristics expand the flexibility of L. taren-
tolae as an efficient protein expression platform
[23,114]. Figure 4 shows the basic components required
in an expression vector for L. tarentolae.

The expression efficiency and recombinant protein
yields are largely dependent on the vector design. A
simple vector should comprise of (A) the 50 and 30 inter-
genic UTRs, (B) the 50 and 30 small subunit rRNA locus

(ssu; from L. tarentolae), (C) the antibiotic resistance
gene, and, for secretory systems, a (D) signal peptide
from the secreted acid phosphatase (sAP, from L. mexi-
cana) (Figure 4). The choice of the UTRs is an important
criterion to achieve high expression levels, as posttran-
scriptional gene regulation in Leishmania occurs
through the UTRs. As reported by Breitling et al. [22],
UTRs from the L. tarentolae calmodulin cluster, includ-
ing three fragments and splice acceptor sites, drive the
high protein expression levels. Within the vector, the
gene-of-interest will be flanked by repetitive sequences
of the ssu locus (50 and 30 end) to facilitate genomic
integration into the ssu gene locus which is strongly
transcribed by RNA pol I [115]. The integration ensures
stable protein expression up to 90 parasite generations,
without a loss or a change of the inserted DNA [116].
Transfection of L. tarentolae can be easily achieved
through electroporation, and selection can be done
with antibiotics [117]. Integration of multiple gene cas-
settes into the same mutant is also possible by using
different antibiotic resistant genes, leading to the simul-
taneous expression of recombinant proteins to form
multi-subunit proteins [118,119]. As an example, recom-
binant human laminin (LM)-332, a large heterotrimeric
glycoprotein, could be successfully expressed in L. tar-
entolae. The trimer was efficiently formed through cor-
rect disulfide bond formation and was functional [119].
The possibility to express multi-subunit proteins in L.
tarentolae is very advantageous as it allows the expres-
sion of full-length antibodies, which consist of the
heavy and light chain subunits. Large molecular weight
proteins (>100 kDa) have also been successfully
expressed in L. tarentolae [116], supporting its suitability
to produce full-length antibodies.

The major advantage of the L. tarentolae expression
system is its ability to produce mammalian-type PTM,
like phosphorylation and glycosylation. L. tarentolae has
been shown to express mammalian-type biantennary
N-glycans, with only the terminal sialic acids (N-acetyl-
neuraminic acid) missing [22] (Figure 2(e)). N-glycan
structures in L. tarentolae are highly homogenous.
Higher branched glycans (tri- and tetra-antennary) are
not described in L. tarentolae, probably due to the
absence of N-acetylglucosaminyltransferase IV activity.

Table 2. List of recombinant antibodies produced in Leishmania tarentolae.
Antibody format Target Antibody origin Yield (mg/L) Reference

scFv – Human recombinant scFv 0.04–3.83 [31]
scFv Human vimentin Human recombinant scFv 0.3–1 [112]
scFv-rFc Human recombinant scFv, rabbit IgG Fc 1–2.95
scFv Murine laminin Human recombinant scFv 0.3–1
scFv-rFc Human recombinant scFv, rabbit IgG Fc 1–2.95
sdAb-rFc Human pericyte fibronectin Human synthetic domain, rabbit IgG Fc – [122]
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The ability of L. tarentolae to produce O-glycosylate
human recombinant proteins has also been shown with
the expression of sAPPalpha, which plays a key role in
Alzheimer’s disease [120]. Full-length antibodies have
not been expressed in L. tarentolae so far, but scFvs
[31], scFv fused with Fc of rabbit IgG (scFv-rFc) [112]
and single domain-rFc [121] have been reported. To
date, there are no glycoengineered mAbs produced in
L. tarentolae in the market, but with the availability of
full genome sequence of L. tarentolae, strategies on
genetic engineering to overcome missing sialylation,
reduce fucosylation and produce more complex N-gly-
cans and/or O-glycans would be feasible [21]. As
recently suggested [36], integration of the trans-sialid-
ase (TS) gene, an enzyme of Trypanosoma species, can
help transfer sialic acids to endogenous glycoproteins
and further humanize the L. tarentolae glycosylation

profile [122,123]. The cell-free approach has also been
established and tested in this parasite [110]. Although
production of antibodies through L. tarentolae cell free
expression system is not yet reported, there is huge
potential to develop an alternative mAb production
platform by merging the advantages of CFES rapid pro-
duction with the L. tarentolae glycosylation profile.

Conclusions

The production of therapeutic mAbs is a multi-million-
dollar industry [124], making them a popular molecule
for development. Moving into the translational medi-
cine era, bulk production of mAbs at low costs while
maintaining proper folding and PTMs like glycosylation
to ensure functionality efficacy are important to ensure
availability of therapeutics to patients from all social

Figure 3. Schematic representation of coupled and uncoupled transcription–translation mechanism. In prokaryotes, the transcrip-
tion and translation mechanisms are coupled, i.e. the mRNA is translated into protein immediately after it is transcribed by RNA
polymerase II (pol II). Therefore, the gene regulation is simple and changes in either one of the process will directly affect the
other process. In eukaryotes, the transcription and translation mechanisms are complex. Upon transcription, the pre-mRNA
requires RNA processing such as splicing to remove noncoding introns, capping and polyadenylation to yield mature mRNA prior
translation. The capping process occurs exclusively on pol II-mediated pre-mRNA. Consequently, the gene regulation mechanism
in eukaryotes is more complicated. In prokaryotes, the mRNA may be polycistronic and encodes for multiple protein whereas in
eukaryotes the mRNA is monocistronic and encodes for only one protein. In L. tarentolae, the transcription and translation mech-
anisms are different. As a eukaryote, L. tarentolae produces polycistronic mRNA which is then processed into individual mRNA
through trans-splicing. A 39-nucleotide spliced leader is added as the 50 cap during trans-splicing, poly(A) tail is added in polya-
denylation to form a mature mRNA for translation. This trans-splicing mechanism uncouples the transcription and translation
mechanisms as capping of pre-mRNA is not dependent specifically to pol II-mediated transcription.
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classes. Glycoengineering of expression platforms like
bacteria, insects, yeasts, plants and mammalian cell
lines improves the production of mAbs. On top of that,
the new expression platform of L. tarentolae has benefi-
cial characteristics over other conventional expression
platforms with their eukaryotic PTM machinery being
highly similar to human, and prokaryotic characteristic
with high production yields. Although not established
as a preferred system for antibody production, the pro-
spect of utilizing such a system is intriguing and is
attracting further investigation, especially in terms of
immunogenicity. We foresee the potential application
of L. tarentolae as an alternative expression system for
mAb production in the near future.
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