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Abstract: Biologics have become an important area of medical research generating therapeutics essen-
tial for the treatment of many disease states. Biologics are defined as biologically active compounds
manufactured by living cells or through biological processes termed bioprocessing. Compared to
small molecules which are chemically synthesised they are relatively complex and therapeutically
specific molecules. Biologics include hormones, vaccines, blood products, monoclonal antibodies,
recombinant therapeutic proteins, enzymes, gene and cellular therapies amongst others. For bio-
logic production prokaryotic and eukaryotic cells (mammalian and non-mammalian) are used as
expression systems. Eukaryotic expression systems offer many advantages over prokaryotic based
systems. The manufacture of high-quality proteins for human clinical use via recombinant technolo-
gies has been achieved in yeast and filamentous fungal systems. Advances in bioprocessing such as
genetic engineering, bioreactor design, continuous processing, and quality by design has allowed for
increased productivity and higher yield in in these non-mammalian eukaryotic systems with protein
translation similar to mammalian systems. The application of eukaryotic expressions systems for the
manufacture of biologics of therapeutic importance are described herein.
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1. Introduction

The manufacture of biologics is a rapidly growing industry as these specific therapeu-
tics offer targeted treatment approach for many chronic and prevalent medical conditions
including cancer, cardiac disease, neurological disease and autoimmunity. According to the
Food and Drug Administration (FDA), a biologic is a therapeutic substance produced by a
biological process using biological systems as opposed to the process of chemical synthesis
(small molecules) and includes vaccines, antibody therapies, non-vaccine therapeutic im-
munotherapies, gene therapies and cell therapy [1]. While both production systems have
definitive advantages (Table 1), biologics differ from synthetic small molecule drugs in
terms of cost, production, administration, and clinical efficacy. The use of biotechnology
and recombinant technology to manufacture therapeutic biologics relies on the use of living
systems, molecular engineering and bioreactors (typically submerged state fermentations)
to produce large molecules displaying desired biological activity. Living systems in use
as biologic production platforms at industrial scale include prokaryotic bacterial species,
e.g., Escherichia coli, eukaryotic yeast and fungal systems, e.g., Saccharomyces cerevisiae,
Aspergillus, plant systems, insect systems, mammalian and human expression systems and
cell lines [2]. Currently, small molecules account for 90% of global therapeutic sales as
they are used for the treatment of chronic conditions, the biologics market however, is
increasing [3]. The biologics market is predicted to reach $580.5 billion (EUR 513.5 billion)
by 2026, from a cumulative sales value of $652 billion from 2014 to 2017 [4]. Indeed, Recom-
binant DNA (RDNA) technology has enabled the production of many biologically active
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proteins used in disease prevention, treatment and management [4]. The biologic Humira
(by AbbVie), a recombinant monoclonal antibody (Mab) used to treat autoimmune disease
is currently the highest selling therapeutic globally, generating 60% of AbbVie’s revenue [5].
In cancer therapy, biologics such as Herceptin offer treatment options currently unmet
as potent anticancer agents in therapeutic cocktails [6]. More recently, Chimeric antigen
receptor (CAR) T cell therapy has emerged as a game changer in cancer treatment. CAR T
cell therapy is based on genetically engineering patient T cells to selectively attack cancer
cells expressing a specific target antigen [7]. Recently, advances are also being made in the
application of Cell-free systems for the production of biologics without using living cells [4].

Bioprocessing occurs in 4 phases: strain/cell line selection and propagation, upstream
processing (fermentation), downstream processing, and drug formulation with one biologic
usually produced from 1 cell strain [8]. The bioprocessing systems in use for the production
of many biologics typically use mammalian Chinese hamster ovary (CHO) cells and murine
myeloma cells, with a recent shift towards the use of human derived cell lines [2] due to
the ease of post translational modifications (PTMs). PTMs play a vital role in biological
processes functioning in many molecular pathways, where PTM errors are observed in
many disease states [9]. Fungal and yeast cell systems however, offer many advantages as
expressions systems for numerous biologic types. Yeast expressions systems are robust,
amenable to genetic engineering or genetic modification (GM), cost-effective, possess
native PTM machinery, and do not release endotoxins during processing [10]. Indeed, yeast
demonstrate prokaryotic (rapid cell division, single cells, ease of growth) and eukaryotic
features (cell organelle, PTM activity) simultaneously making them ideal candidates in
the manufacture of recombinant proteins [11]. Features including low production cost,
high titre value, pyrogen free, and current classification as Generally Recognised As Safe
(GRAS) organisms [10]. Fungal strains of species including Aspergillus and Penicillium are
considered as GRAS by the FDA and are used as expression systems by many biotechnology
companies to produce varied biological products [12]. In contrast, to the unicellular yeast
systems however, filamentous fungi have complex morphological features in submerged
cultures which can be challenging for industrial scale up [13]. This review outlines the
application of yeast and fungal cells as platforms for the production of biologics.

Table 1. Outlining the advantages of traditional chemical synthesis of small molecules and the
advantages of biologics.

Small Molecule Drugs Biologics

Predictable pharmacokinetics and
pharmacodynamics profiles [6]

Biologic proteins are highly specific and potent
with extended effect [11]

Easier manufacturing, characterizing, and
regulatory processes [6] Biologics are less toxic

Cheaper for consumers,
cheaper to manufacture Targeted treatment, e.g., CAR T cell therapy [7]

Oral bioavailability and stability Can produce large peptides and proteins [4]

Generic versions available Applicable to real time process control

Do not suffer microbial contamination
issues to the same extent

Many biologics are losing their patent
protection and other exclusivity rights leading

to production of biosimilars [4]

2. Application of Non-Mammalian Eukaryotic Cells in Bioprocessing

Eukaryotic cell lines, including CHO cells, human cells and insect cells, are invaluable
expression systems for the production of many recombinant proteins [14]. Mammalian cell
lines of animal and human origin however, are costly and prone to microbial contamination
issues with viral species representing the greatest treat [15]. With advances in recombi-
nant protein technology, expression of recombinant protein-based biopharmaceuticals in
prokaryotic and non-mammalian eukaryotic cells has become cheaper, more productive,
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promoting the industrial production of many biologics at industrial scale. Unlike eukary-
otic systems, prokaryotic expression systems often produce proteins which do not fold
properly, are inactive, produce endotoxins and proteins not amenable to PTM [16]. PTM
involves any process which alters the protein composition and includes the irreversible
or reversible addition of a chemical group, e.g., phosphate, carbohydrates termed glyco-
sylation, and polypeptides in ubiquitylation [9]. Such alterations are often related to the
biological activity of the protein due to improper folding and its direction within the cells,
where a loss of functionality may occur [17]. Glycosylation in particular is of significance,
as ca. 60% of protein biologics are therapeutic glycoproteins [18]. It is also noteworthy
that the over glycosylation of proteins can negatively impact enzyme activity, including
enzyme binding and protein stability [19]. PTMs takes place in several cell organelles
including the nucleus, cytoplasm, endoplasmic reticulum (ER) and Golgi apparatus [9].
Proteins produced via prokaryotic expressions systems therefore, must pass through an
in vitro process for the insertion of PTM adding steps during the synthesis, increasing
costs and reducing yield [18]. Additionally, yeasts have a high robustness and tolerance of
the harsh fermentation conditions present in bioreactors and bioprocessing scale up [20].
Non-mammalian eukaryotic systems (yeast and fungi) therefore, have clear advantages
over prokaryotic systems (Table 2).

Table 2. Outlining the advantages and limitations of yeast expression systems in the production of biologics.

Advantages Limitations

Less susceptibility to
contaminations by phages [11]

Limited glycosylation capacity compared to
mammalian cells

Scalable at industrial level Difficulty in cell disruption [16]

Existing regulatory approval [16]

Proteins denaturation, temperature changes,
pH, organic solvents presence, surface and
interface interactions that can form protein

aggregates at [21]

More improved secretion
efficiency than bacteria [11]

Ethanol production by S. cerevisiae
(Crabtree effect) [22]

Yeast has tolerance to low Ph and fermentation
inhibitors and harsh fermentation conditions [20] Extracellular excretion is not large [22]

Yeast efficiently modifies its recombinant
proteins post transnationally

Yeast glycosylation is dissimilar to
mammalian glycosylation
(high mannose type) [10]

Considered GRAS [10] Heterologous proteins expressed in
S. cerevisiae are hyperglycosylated [23]

More adaptable to harsh industrial scale up [18]

Yeast based vaccines which are edible, economic
and induce immune response [23]

Y. lipolytica strains biosynthesis of metallic
nanoparticles for biomedical applications [24]

2.1. Yeast Cell Systems in Biologics Manufacturing

Yeast are single celled microorganisms within the Fungus kingdom, being defined as
unicellular fungi. Yeast are eukaryotic microbial species having a cell wall and membrane
bound organelle unlike bacteria being prokaryotic. Fungi growing as a yeast morphol-
ogy have historically been used in the production of food and beverages [25]. Due to
their eukaryotic nature, yeast have also long been established as models for the study
of mammalian cells, biochemical pathways and evolution. As host expression systems
yeast have the advantages of rapid growth, high cell density, relatively inexpensive media
requirements, and ease of genetic manipulation found in bacteria coupled with the ability
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of post-translational modifications, such as proteolytic processing, folding, disulfide bond
formation and glycosylation observed in mammalian cells [18]. Yeast commonly conduct
modifications including acetylation, amidation, hydroxylation, methylation, N-linked gly-
cosylation, O-linked glycosylation, phosphorylation, pyrrolidone carboxylic acid, sulfation,
and ubiquitylation similar to the PTMs of mammalian cells [26]. Glycosylation however,
remains a challenge in recombinant protein production from yeast as glycosylation differs
from human N- and O-glycosylation [18]. Efforts to improve glycosylation in yeast and
improve protein folding and stability include glycoengineering, improving secretory ma-
chinery and protein degradation in vivo [10]. As such, yeast are an excellent choice for the
industrial production of recombinant therapeutic proteins. Traditionally, Saccharomyces
cerevisiae is used for recombinant therapeutic protein production having been applied in
the production of hormones glucagon and insulin and Hepatitis B vaccine, at industrial
scale [17]. Indeed, the expression of Hep B surface antigens led to the development of
the first recombinant vaccines using S. cerevisiae [27]. Currently, this species and Pichia
pastoris (renamed to Komagataella phaffii) are the expression systems used in vaccine
development, protozoal proteins and tumour antigens [27]. S. cerevisiae also displays a
broad range of pH tolerance and elevated osmotic pressure [21]. Production of recombinant
proteins in S. cerevisiae can be done using 3 types of vectors: integration plasmids (YIp),
episomal plasmids (YEp), and centromeric plasmids (YCp) [18]. P. pastoris is also amenable
to bioengineering where genetically engineered strains are able to produce heterologous
biologics with human glycosylation profiles [8]. P. pastoris produces a higher protein yield
than S. cerevisiae due to its biochemical processes relating to a lack of ethanol production
under aerobic conditions allowing for a higher biomass and protein production [18]. While
P. pastoris favours respiration over fermentation, S. cerevisiae produces ethanol under aero-
bic conditions with glucose as a food source reducing protein yield, termed the Crabtree
effect [22]. P. pastoris is currently used in the production of interleukin 1-β for the treatment
of autoimmune disease, interferon-α for the treatment of hepatitis B and C and cancer
and macrophage colony-stimulating factor (M-CSF) for the treatment of hematopoietic
disorders [22]. P. pastoris has also been implemented in the production of human insulin,
human serum albumin, hepatitis B vaccine, trypsin, and collagen, among others [18].
P. pastoris however, remains a non-conventional yeast where the genome has not been fully
elucidated which hinders genetic engineering unlike the well-established conventional
S. cerevisiae [18]. P. pastoris can efficiently produce and secrete fully active heterologous
proteins, e.g., pochymosin, poorly secreted by S. cerevisiae [23]. The ability of yeast to se-
crete protein products has many advantages in the production of biologics including easier
isolation, purification, no toxic intracellular build-up of heterologous protein therefore,
reducing production costs [20]. The non-conventional yeast Yarrowia lipolytica is recog-
nised for its ability to produce heterologous recombinant proteins. Y. lipolytica is a human
commensal, obligate aerobe, GRAS and is capable of folding and secreting large and/or
complex heterologous proteins in contrast to S. cerevisiae [24]. Indeed, this species is less
prone to hyperglycosylation which is a feature of S. cerevisiae recombinant proteins [28].
Engineered Y. lipolytica strains produce several heterologous valuable metabolites including
carotenoids, terpenes, polyketides, aromatic amino-acid-derived molecules and therapeutic
biologics interferon α, epidermal growth factor, blood coagulation factor XIIIa, proinsulin
and insulinotropin, cytochrome P450 enzymes, and oestrogen receptor α [29]. Currently,
ca. 150 recombinant proteins have been produced using Y. lipolytica expression systems
however, only 25 of these are produced at industrial scale or bioreactor scale despite this
species having similar yield and productivity as S. cerevisiae and P. pastoris [30]. Scale up
is hindered by issues relating to metabolic load, unpredictable dimorphism and oxygen
needs of the strain [30]. The non-conventional yeast Ogataea polymorpha (formerly Hansenula
polymorpha) has been used as an expression system for the production of hepatitis B vaccines
and insulin-like growth factors [31]. H. polymorpha is thermotolerant with a temperature
range of 30 to 50 ◦C allowing proteins with biological activity at 37 ◦C as obtained with
other yeast including S. cerevisiae with PTM and reduced hyperglycosylation [32].
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2.1.1. Polyketides and Non-Ribosomal Peptides

Polyketides and non-ribosomal peptides constitute a group of small molecules hav-
ing complex chemical structures produced by microbial species, plants and marine or-
ganisms which allow for environmental adaption, communication between species and
self-protection [27]. Polyketides and non-ribosomal peptides are biosynthesized by the
enzymes polyketide synthases (PKSs) and non-ribosomal peptide synthetases (NRPSs),
respectively [33]. Many of these molecules or their hybrids are of clinical relevance as
biologic therapeutics as they display anticancer activity, e.g., calicheamicin, immunosup-
pressive action, e.g., rapamycin and antibacterial action, e.g., vancomycin [34]. Recently,
the application of yeast in the production of these biologics via enzymatic biochemical path-
ways has gained momentum. The anti-cholesterol drug Lovastatin for example is typically
produced by the species Aspergillus terreus a filamentous fungus, where yeast S. cerevisiae
and P. pastoris may offer a more favourable non-pathogenic production system [19].

2.1.2. Vaccine Production

Recent advances have moved towards protein-based vaccines, virus-like particle vac-
cines, viral vector and nucleic acid-based vaccine production in an attempt to mitigate
the time constraints, pathogenicity, immunogenicity and biocompatibility issues observed
with traditional vaccine types [10]. Recombinant technology and microbial expression
systems are used in the production of subunit-based and viral like particle-based vac-
cines [35]. Indeed, yeast platforms and the production of whole yeast-based vaccines
(WYVs) has appeared for combating infectious disease and treatment of cancers [10]. The
non-pathogenic S. cerevisiae offers many advantages in the production of vaccines including
strong adjuvant properties, long term antigen stability, ease of GM and ability to survive the
gastrointestinal tract allowing for oral administration [36]. Studies have shown that whole
recombinant S. cerevisiae cells expressing foreign antigens can activate dendritic cells (DCs),
robust antigen-specific cytotoxic T lymphocyte (CTL) responses, and confer protective
cell-mediated immunity in animal studies regardless of yeast cell viability [37]. WYVs
based on yeast cells expressing specific tumour antigens offers potential immunotherapy
for the treatment of cancer, e.g., melanoma, papilloma, leukemia and carcinoma [23].

2.1.3. Monoclonal Antibodies

Monoclonal antibodies (mAb) have many therapeutic applications in the treatment
of infectious disease, inflammation and cancer where their glycosylation is key to bio-
logically [38]. The production of mAb in yeast expression systems is hindered due to
incompatible surface glycosylation, therefore, few antibody molecules have been function-
ally expressed in yeast systems [20] where CHOs cells remain the basis of mAb production
at industrial scale. The glycosylation of mAbs in the Fc region impacts on the interaction of
the antibodies with effector cells of the immune system and biological activity [38]. The
hyper-mannose glycosylation of mAbs caused by S. cerevisiae results in an immunogenic
reaction in humans [10]. P. pastoris is less prone to this mannose hyperglycosylation [18].
Experimental studies using targeted genetic engineering to improve the glycosylation of
yeast produced mAb have been described [38]. Genetically modifying single genes, genes
families or the whole genome has been made possible using CRISPR-cas9 technology [39].
Nonetheless, mAbs as biologics is hindered by their limited tumour penetration, high
manufacturing costs, immunogenicity and potential therapeutic resistance [40]. Therapy
based on polyclonal antibodies (pAbs) which are a mix of synergistic mAb having action on
multiple epitopes, offer some advantages. pAbs such as ZMapp for Ebola treatment com-
bines 3 mAb and the anticancer pAb combination of lumiliximab and rituximab displays
increased antitumour efficacy [8]. Biologics termed minimal antibody-binding fragments
including antigen-binding fragment (Fab), single-chain variable fragment (scFv) and single
V-type domain have many advantages such as high specificity, high affinity, enhanced
tissue penetrability, stability, solubility, reduced immunogenicity, and cheaper industrial
scale production [20]. RDNA tech and the use of microbial expression systems offers



J. Fungi 2022, 8, 1179 6 of 13

a means of producing large scale specific antibody fragments or recombinant antibody
fragments (rAb) which are easier to isolate than those produced in mammalian cell culture
systems. Prokaryotes E. coli and Bacillus subtillis and yeast S. cerevisiae and P. pastoris have
been used to express rAbs [41]. In order to produce the high yield required for therapeutic
use obstacles such as time of production and optimal cryopreservation protocols need to in-
vestigated [41]. Antibodies fragments as therapeutic biologics are limited by a short serum
half-life and aggregation-induced immunogenicity [40]. Antibodies fragments are com-
monly used in engineered yeast surface display (YSD) technologies where a genetic fusion
of the antibodies fragment to the yeast cell surface antibodies fragment is performed [42].
The PD-1 blocking antibody Sintilimab generated using yeast display technology gained
approval for the treatment of Hodgkins lymphoma [43]. The discovery of heavy-chain only
antibodies (HcAbs) termed nanobodies in camelids has led to the latest antibody driven
research particularly in cancer diagnosis and treatment [40]. Nanobodies are robust and
relatively amenable to large scale production, low immunogenicity, have the ability to
display diverse anti-tumour targets makes them desirable for therapeutic use [40]. Studies
describe the use of an engineered S. cerevisiae as an in vitro nanobody platform [44].

2.2. Fungal Cell Systems in Biologics Manufacturing

Fungal species have a long history in the food and beverage industries; however,
many enzymes, organic acids, antimicrobial peptides and antibiotics are also produced
by filamentous fungi. The filamentous fungi including moulds and mushrooms having
extremely diverse metabolic capabilities producing organic acids, antibiotics, proteins,
enzymes, vitamins, fatty acids amongst other compounds leading to their application in
many industries and more recently as meat alternatives and vegan leather products [25]. As
production systems for biologics filamentous fungi have advantages over yeast as they have
powerful secretory pathways and perform PTM of eukaryotic proteins like mammalian
cells [45]. Indeed, filamentous fungi can conduct PTM including glycosylation, peptide
chain shearing, and disulfide bond formation, similar to those of mammal cells [19]. Over
glycosylation is also less extensive in fungi than in yeast including S. cerevisiae. Additionally,
fungi expression systems are a cheap fermentation process, where the extracellular proteins
are easier purified compared to intracellular proteins [45].

While GM is more difficult in fungi and the development of filamentous fungal
expression platforms is much more complex and time-consuming, the protein yield is
10–1000-fold that of yeast or mammalian cells making them worthy of development [46].
For recombinant production of biologics, the most commonly used fungi are the GRAS
strains of Aspergillus niger, Aspergillus oryzae, Trichoderma reesei and Neurospora crassa being
well characterized by whole-genome-sequencing, transcriptomics, gene annotations, and
genetic engineering tools including adaptive laboratory evolution, and radiation [47].
Unlike yeast, fungi present with highly complex morphological features in submerged
cultures where their growth morphology can range from fully dispersed mycelium to
compact pellet structure [13]. Productivity and yield are affected by slight changes in
fungal morphology affecting mass transfer and mixing within the bioreactor environment.
Genetic analysis and editing may offer mechanisms of controlling morphology, protein and
metabolite secretion to allow for industrial scale up [47].

Fungal bioprocessing is typically performed in either submerged fermentation biore-
actors using free flowing liquids or solid-state fermentation systems (SSF) better mimicking
the natural growth patterns of filamentous fungi [45] or as biofilms attached to a surface.
Submerged fermentation is the most widely used mode of fermentation [48]. SSF however,
has scale up limitations including contamination issues, low substate utilisation rate and
a lack of commercial SSF reactor designs [49]. SSF has become a sought-after system in
bioprocessing as it holds many advantages including high productivity, less waste, lower
energy needs, and lower contamination risk [50] making it a more environmental green
process. Oxygen transfer, temperature, pH and water regulation are key limiting factors in
the bioreactor design of SSFs with fungal morphology also impacting operation [48].
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Filamentous fungi produce a vast array of molecules (Table 3) which may have biolog-
ical therapeutic potential including taxol an anticancer drug produced by endophytic fungi
Fusarium oxysporum and A. niger [51]. To date, taxol has not been produced by filamentous
fungi at industrial scale relating to issues of specific growth requirements as an endophytic
organism where light exposure may affect taxol synthesis [52]. Asparaginase an enzyme
used for the treatment of hemotopoeitic disease including acute lymphoblastic leukemia
and non-Hodgkin lymphoma is produced by Mucor hiemalis, A. niger, A. flavus, A. nidulans,
A. terreus [53]. Trichoderma has been cultivated using submerged, solid-state and biofilm fer-
mentation to produce the secondary metabolite and immunosuppressant cyclosporin [48].
Optimising filamentous fungi for the industrial production of asparaginase may offer a
non-immunogenic biologic to replace that which is currently produced in E. coli expression
systems where death is a risk to patients [54]. Filamentous fungi produce a wide range
of proteins and enzymes meaning that protein purification at downstream processing
may be complicated with increasing costs at industrial scale [55]. Additionally, biological
compounds in higher fungi (mushrooms) are structural similar to endogenous neurotrans-
mitters and can act agonists of neurological pathways potentially offering treatment of
psychiatric conditions [56].

Table 3. Biologically active compounds produced by filamentous fungi.

Biologic/Therapeutic Filamentous Fungi Disease Treatment

Paclitaxel (Taxol) Taxomyces andrenae,
F. oxysporum and A. niger Cancer [51]

Beta-galactosidase A. foetidus Lactose intolerance,
GM1-gangliosidosis [57]

Lovastatin (statin) Monascus ruber, A. terreus
high blood cholesterol and

reduce the risk of
cardiovascular disease

l-asparaginase M.hiemalis, A.niger, A. flavus,
A. nidulans, A. terreus [53]

Acute lymphoblastic leukemia
and non-Hodgkin lymphoma

Ergot alkaloids Claviceps purpurea Parkinson’s disease, cluster
headaches and migraine [56]

Hericenones and erinacines
(cyathane derivatives) Hericium erinaceus Alzheimer’s and

Parkinson’s disease [56]

Proteases/proteinases/peptidases Aspergillus and
Penicillium species

Cardiovascular disease,
emerging agents in the

treatment of sepsis, digestive
disorders, inflammation,

cystic fibrosis, retinal
disorders, psoriasis [58]

Amphotericin B (AMP B) Penicillium nalgiovense

Antifungal, treatment of
invasive fungal infections

mucormycosis, aspergillosis,
blastomycosis, candidiasis,
coccidioidomycosis, and

cryptococcosis [51]

Griseofulvin P. griseofulvum Antifungal, treatment of
dermatophytoses
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3. Industrial Considerations

The first step in yeast recombinant protein production is construction and genetic
engineering of the strain for scale up in bioreactors [11]. The GM of host cells for het-
erologous protein production involves the over expression of genes and some deletion of
host genes via the use of vectors (expression vectors) or plasmids which deliver the gene
of interest to the host cells [28]. Heterologous DNA is either episomal maintained as a
plasmid or integrated into the host chromosomal DNA with the latter being more frequent
in yeast species [28]. Eukaryotic genetic material consists of protein coding regions termed
exons surrounded by non-coding regions termed introns, unlike prokaryotes which do not
contain introns [59]. Isolating out the gene of interesting (coding a biological active protein)
means splicing introns to generate mRNA. For heterologous production in yeast cells an
expression cassette containing a promoter, open reading frame containing the protein gene
for regulation of expression must be present [28]. While not essential to end transcription a
terminator region can also be added. The terminator region functions to end transcription
and can influence gene expression levels of the protein and enhance mRNA stability conse-
quently improving protein productivity [31]. The inclusion of an intron in an expression
cassette may also enhance its transcription by many folds [30]. Introns significantly enhance
the transcriptional output of genes with many human genes including growth hormone
needing introns for normal expression [60]. A promoter is a short segment of DNA which
acts as the start point for gene transcription by RNA polymerase. In yeast there are 2 pro-
moter types; constitutive promoters and inducible promoters. In bioprocessing well known
constitutive and inducible promoters having strong transcriptional action are implemented
to achieve overproduction of desired biologics in yeasts [18,61]. Constitutive promoters
allow for simplicity and maintainable levels of expression, where inducible promoters are
often implemented when separation of growth and production is needed [18]. Inducible
promoters can alter their transcriptional activity in response to stimuli including carbon
sources and environmental factors [61] allowing for some control over gene expression
levels. Inducing protein expression via chemicals or modifying environmental conditions
during fermentation in the bioreactor minimises metabolic load and reduces the toxicity
impact of recombinant proteins on host cells [62]. Methylotrophic yeast including P. pastoris
and H. polymorpha can use methanol as a carbon source allowing for the use of methanol
inducible promoters [32]. At industrial scale the use of inducible promoters in fed-batch
bioreactors enables cell growth at high growth rate prior to protein expression allowing
for some influence on metabolic load [30]. The most frequently utilized promoters in
yeasts are described by researchers elsewhere [18]. The construction of synthetic promoters
allowing for increased protein expression, enhanced protein folding and more regulated
transcription is much sought after [30]. A codon is a sequence of 3 nucleotides essential to
protein translation where codons encoding the same amino acid are called synonymous
codons which is prone to species specific usage bias [63]. Studies have suggested that
codon usage is an important determinant of mRNA stability in Saccharomyces cerevisiae as
it regulates translation elongation and translational protein folding processes [64]. In yeast
expression systems studies are warranted to determine the influence of codon optimization
on protein expression [65]. In the design and bioengineering of recombinant yeast, the use
of genetic tools and genetic tractability encourages the use of conventional yeast such as
S. cerevisiae. There is a need to elucidate the genetic profile, metabolic and biochemical
systems of the non-conventional yeast in order to better apply strains such as Y. lipolytica
in bioprocessing where their advantages over S. cerevisiae can be harnessed. For example,
sequencing of the genome of Y. lipolytica has determined that this species shares genomic
traits with filamentous fungi where this species is considered a dimorphic yeast [28]. This
morphological state of Y. lipolytica has not been elucidated in bioreactors where the dim-
phorism variability impacts on heat and mass transfer in the reactor impacting protein
formation [30]. Other non-conventional yeasts include P. pastoris, K. lactis, Y. lipolytica,
H. polymorpha and S. pombe for the synthesis of recombinant proteins [11].
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The operation of bioreactors is affected by cell type, media composition, substrate
concentration, cell density of the biocatalyst, product inhibition, pH, temperature with
productivity increased in continuous mode over batch systems [66]. Optimising media
composition, temperature, pH, cell growth and protein production kinetics aids in increas-
ing recombinant protein production by yeast cells. Importantly, a shortage of specific amino
acids and energy shortages can lead to translational errors in the recombinant protein
impacting protein stability and immunogenicity [30]. Heterologous proteins produced in
the host cell may be prone to proteolytic degradation as they are foreign proteins present in
the cell [62]. Genetically engineering protease deficient yeast strains aids in overcoming
this limitation [11]. Increasing cell density increases product yield, where retaining cells
inside the bioreactor aids in reducing costs and improving cell density. Dissolved oxygen
(DO) is an important consideration in bioreactor set up as DO impacts aerobic cell growth
kinetics, cell physiology and stability, with increasing requirements during exponential
phase where cells are dividing and metabolically active [30]. Fed-batch and continuous
reactor cell density is complicated by processes requiring varying types of equipment for
set up, have a high operational cost, long cultivation time and long periods required for
downstream processes and are prone to the Crabtree effect [67]. In a continuous system
cell retention is accomplished via filtration of the product through a membrane, immobi-
lization on a carrier material or by exploiting cellular flocculation [66]. Expression of the
heterologous protein causes cell resources to be applied to the transcription and translation
of the recombinant protein at the expense of the host cell metabolism. The term metabolic
load describes this allocation of resources to heterogenous protein production at the cost of
cellular activity to the detriment of the cell, reduced growth capacity and specific growth
rate [30]. Furthermore, the effect of metabolic load is greater with larger recombinant
gene sizes, copy number, expression levels and issues with nutrient and dissolved oxygen
availability [68]. Secretion of the desired protein product greatly simplifies the extraction
and purification processes of downstream processing [28]. Protein secretion is initiated by
transporting the protein through the membrane of endoplasmic reticulum (ER) in response
to signals which directly impact the protein yield [11]. Misfolded protein is degraded
prior to secretion and may damage the ER, the presence of protein folding chaperones
and redox enzymes should be over expressed in yeast systems [11]. Studies describe the
production of more than one drug or combination drugs simultaneously in a single batch
which offers clear advantages over single biological production [8]. Synthetic biology
as recently emerged as a promising field in the area of medical and therapeutic science
having application in the production of drugs, vaccines and biosensors [69]. Synthetic
biology involves the assembly of a specialized systems designed for a biologic purpose
and incorporates engineering into bioprocessing technologies. As expression systems for
synthetic biology E. coli and S. cerevisiae are most frequently utilised due to their broad
ranging advantages [70]. Synthetic biology allows for enhanced production of biologics via
modulation of gene circuits impacting on expression levels, protein levels, and pathway
levels of expression systems via engineering of promoters, terminators, etc. [71].

4. Conclusions

For the production of biologics yeast are classified as either non-methylotroph and
methylotroph species. At industrial scale S. cerevisiae, a non-methylotroph, P. pastoris, and
Hansenula polymorpha being methylotrophic yeasts are implemented for recombinant
protein production. Yeast such as Komagataella sp., Kluyveromyces lactis, and Y. lipolytica
have also emerged as advantageous expression systems. As non-mammalian eukaryotic
expression systems, S. cerevisiae is a preferred production system for a variety of biologics
due to its innate ability to secret proteins, is toxin free, good expression levels, and ability
to perform PTMs. PTMs relates to protein biological activity as it impacts on protein
folding where misfolded proteins lose activity and stability. While glycosylation in yeast is
different than in mammalian cells, the use of RDNA technology has allowed for genetically
engineered strains enabling some humanization of yeast glycosylation. S. cerevisiae has
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also some important disadvantages as this species is not suitable for high-density culture,
regulation promoter deficits, and low secretion of proteins greater than 30 kDa. Such
limitations have encouraged the application of non-conventional yeasts including P. pastoris
as expression systems. Filamentous fungi as expression systems for biologics offers many
advantages including glycosylation and other PTMs more similar to human proteins,
high density growth adaptability and a high rate of protein expression with low media
requirements. Indeed, the secretory potential of filamentous fungi, e.g., Aspergillus sp.
and Trichoderma sp. is described as being ten times higher than that of S. cerevisiae. The
use of non-mammalian eukaryotic cells also contributes to more environmentally friendly
industrial production processes requiring less energy input and generating less waste than
mammalian systems. The use of yeast expression systems to produce recombinant protein,
virus-like particles, and yeast surface display for development as oral vaccines offers a new
strategy for vaccine administration. Optimising eurkaryotic production platforms may
provide increased productivity of key therapeutics in the near future. Due to their high-cost
comparative to small molecule therapy biologics are relatively inaccessible to many patients
and so are not chosen for treatment. Reducing production costs may allow for increased
accessibility to these potent therapeutics allowing for better access and improved health
care globally.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. FDA. Vaccines, Blood & Biologics. Available online: https://www.fda.gov/vaccines-blood-biologics (accessed on1 October 2022).
2. Dumont, J.; Euwart, D.; Mei, B.; Estes, S.; Kshirsagar, R. Human cell lines for biopharmaceutical manufacturing: History, status,

and future perspectives. Crit. Rev. Biotechnol. 2016, 36, 1110–1122. [CrossRef]
3. Makurvet, F.D. Biologics vs. small molecules: Drug costs and patient access. Med. Drug Discov. 2020, 9, 100075. [CrossRef]
4. Chiba, C.H.; Knirsch, M.C.; Azzoni, A.R.; Moreira, A.R.; Stephano, M.A. Cell-free protein synthesis: Advances on production

process for biopharmaceuticals and immunobiological products. BioTechniques 2021, 70, 126–133. [CrossRef]
5. Moorkens, E.; Godman, B.; Huys, I.; Hoxha, I.; Malaj, A.; Keuerleber, S.; Stockinger, S.; Mörtenhuber, S.; Dimitrova, M.; Tachkov,

K.; et al. The expiry of Humira® market exclusivity and the entry of adalimumab biosimilars in Europe: An overview of pricing
and national policy measures. Front. Pharmacol. 2021, 11, 1993. [CrossRef]

6. Ngo, H.X.; Garneau-Tsodikova, S. What are the drugs of the future? MedChemComm 2018, 9, 757–758. [CrossRef]
7. Sterner, R.C.; Sterner, R.M. CAR-T cell therapy: Current limitations and potential strategies. Blood Cancer J. 2021, 11, 69. [CrossRef]
8. Cao, J.; Perez-Pinera, P.; Lowenhaupt, K.; Wu, M.-R.; Purcell, O.; De La Fuente-Nunez, C.; Lu, T.K. Versatile and on-demand

biologics co-production in yeast. Nat. Commun. 2018, 9, 77. [CrossRef]
9. Ramazi, S.; Zahiri, J. Post-translational modifications in proteins: Resources, tools and prediction methods. Database 2021, 2021,

baab012. [CrossRef]
10. Kulagina, N.; Besseau, S.; Godon, C.; Goldman, G.H.; Papon, N.; Courdavault, V. Yeasts as biopharmaceutical production

platforms. Front. Fungal Biol. 2021, 2, 50. [CrossRef]
11. Madhavan, A.; Arun, K.B.; Sindhu, R.; Krishnamoorthy, J.; Reshmy, R.; Sirohi, R.; Pugazhendi, A.; Awasthi, M.K.; Szakacs, G.;

Binod, P. Customized yeast cell factories for biopharmaceuticals: From cell engineering to process scale up. Microb. Cell Fact.
2021, 20, 124. [CrossRef]

12. Li, C.; Zhou, J.; Du, G.; Chen, J.; Takahashi, S.; Liu, S. Developing Aspergillus niger as a cell factory for food enzyme production.
Biotechnol. Adv. 2020, 44, 107630. [CrossRef]

13. A El Enshasy, H. Fungal morphology: A challenge in bioprocess engineering industries for product development. Curr. Opin.
Chem. Eng. 2021, 35, 100729. [CrossRef]

14. Gutierrez, J.M.; Lewis, N.E. Optimizing eukaryotic cell hosts for protein production through systems biotechnology and genome-
scale modeling. Biotechnol. J. 2015, 10, 939–949. [CrossRef]

15. Barone, P.W.; Wiebe, M.E.; Leung, J.C.; Hussein, I.T.M.; Keumurian, F.J.; Bouressa, J.; Brussel, A.; Chen, D.; Chong, M.; Dehghani,
H.; et al. Viral contamination in biologic manufacture and implications for emerging therapies. Nat. Biotechnol. 2020, 38, 563–572.
[CrossRef]

https://www.fda.gov/vaccines-blood-biologics
http://doi.org/10.3109/07388551.2015.1084266
http://doi.org/10.1016/j.medidd.2020.100075
http://doi.org/10.2144/btn-2020-0155
http://doi.org/10.3389/fphar.2020.591134
http://doi.org/10.1039/C8MD90019A
http://doi.org/10.1038/s41408-021-00459-7
http://doi.org/10.1038/s41467-017-02587-w
http://doi.org/10.1093/database/baab012
http://doi.org/10.3389/ffunb.2021.733492
http://doi.org/10.1186/s12934-021-01617-z
http://doi.org/10.1016/j.biotechadv.2020.107630
http://doi.org/10.1016/j.coche.2021.100729
http://doi.org/10.1002/biot.201400647
http://doi.org/10.1038/s41587-020-0507-2


J. Fungi 2022, 8, 1179 11 of 13

16. Nosaki, S.; Hoshikawa, K.; Ezura, H.; Miura, K. Transient protein expression systems in plants and their applications. Plant
Biotechnol. 2021, 38, 297–304. [CrossRef]

17. Nielsen, J. Production of biopharmaceutical proteins by yeast: Advances through metabolic engineering. Bioengineered 2013, 4,
207–211. [CrossRef]

18. Gomes, A.M.V.; Carmo, T.S.; Carvalho, L.S.; Bahia, F.M.; Parachin, N.S. Comparison of Yeasts as Hosts for Recombinant Protein
Production. Microorganisms 2018, 6, 38. [CrossRef]

19. Zhang, T.; Liu, H.; Lv, B.; Li, C. Regulating strategies for producing carbohydrate active enzymes by filamentous fungal cell
factories. Front. Bioeng. Biotechnol. 2020, 8, 691. [CrossRef]

20. Wang, Y.; Li, X.; Chen, X.; Nielsen, J.; Petranovic, D.; Siewers, V. Expression of antibody fragments in Saccharomyces cerevisiae
strains evolved for enhanced protein secretion. Microb. Cell Fact. 2021, 20, 134. [CrossRef]

21. Lestari, C.S.W.; Novientri, G. Advantages of yeast-based recombinant protein technology as vaccine products against infectious
diseases. IOP Conf. Ser. Earth Environ. Sci. 2021, 913, 012099. [CrossRef]

22. Spohner, S.C.; Schaum, V.; Quitmann, H.; Czermak, P. Kluyveromyces lactis: An emerging tool in biotechnology. J. Biotechnol. 2016,
222, 104–116. [CrossRef]

23. Kumar, R.; Kumar, P. Yeast-based vaccines: New perspective in vaccine development and application. FEMS Yeast Res. 2019, 19,
foz007. [CrossRef]

24. Madzak, C. Yarrowia lipolytica strains and their biotechnological applications: How natural biodiversity and metabolic engineering
could contribute to cell factories improvement. J. Fungi 2021, 7, 548. [CrossRef]

25. Meyer, V.; Basenko, E.Y.; Benz, J.P.; Braus, G.H.; Caddick, M.X.; Csukai, M.; De Vries, R.P.; Endy, D.; Frisvad, J.C.; Gunde-
Cimerman, N.; et al. Growing a circular economy with fungal biotechnology: A white paper. Fungal Biol. Biotechnol. 2020, 7, 5.
[CrossRef]

26. Jia, B.; Jeon, C.O. High-throughput recombinant protein expression in Escherichia coli: Current status and future perspectives.
Open Biol. 2016, 6, 160196. [CrossRef]

27. Tippelt, A.; Nett, M. Saccharomyces cerevisiae as host for the recombinant production of polyketides and nonribosomal peptides.
Microb. Cell Fact. 2021, 20, 161. [CrossRef]

28. Do, H.D.; Vandermies, M.; Fickers, P.; Theron, C.W. Non-Conventional Yeast Species for Recombinant Protein and Metabolite Production;
Elsevier: Amsterdam, The Netherlands, 2019. [CrossRef]

29. Jach, M.E.; Malm, A. Yarrowia lipolytica as an alternative and valuable source of nutritional and bioactive compounds for humans.
Molecules 2022, 27, 2300. [CrossRef]

30. Vandermies, M.; Fickers, P. Bioreactor-scale strategies for the production of recombinant protein in the yeast Yarrowia lipolytica.
Microorganisms 2019, 7, 40. [CrossRef]

31. Wefelmeier, K.; Ebert, B.E.; Blank, L.M.; Schmitz, S. Mix and match: Promoters and terminators for tuning gene expression in the
methylotrophic yeast Ogataea polymorpha. Front. Bioeng. Biotechnol. 2022, 10, 759. [CrossRef]

32. Manfrão-Netto, J.H.C.; Gomes, A.M.V.; Parachin, N.S. Advances in using Hansenula polymorpha as chassis for recombinant protein
production. Front. Bioeng. Biotechnol. 2019, 7, 94. [CrossRef]

33. Meier, J.L.; Burkart, M.D. The chemical biology of modular biosynthetic enzymes. Chem. Soc. Rev. 2009, 38, 2012–2045. [CrossRef]
[PubMed]

34. Williams, G.J. Engineering polyketide synthases and nonribosomal peptide synthetases. Curr. Opin. Struct. Biol. 2013, 23, 603–612.
[CrossRef] [PubMed]

35. Mohsen, M.O.; Zha, L.; Cabral-Miranda, G.; Bachmann, M.F. Major findings and recent advances in virus–like particle (VLP)-based
vaccines. Semin. Immunol. 2017, 34, 123–132. [CrossRef]

36. Goh, S.; Kolakowski, J.; Holder, A.; Pfuhl, M.; Ngugi, D.; Ballingall, K.; Tombacz, K.; Werling, D. Development of a potential
yeast-based vaccine platform for Theileria parva infection in cattle. Front. Immunol. 2021, 12, 674484. [CrossRef]

37. Ardiani, A.; Higgins, J.P.; Hodge, J.W. Vaccines based on whole recombinant Saccharomyces cerevisiae cells. FEMS Yeast Res.
2010, 10, 1060–1069. [CrossRef] [PubMed]

38. Liu, C.-P.; Tsai, T.-I.; Cheng, T.; Shivatare, V.S.; Wu, C.-Y.; Wong, C.-H. Glycoengineering of antibody (Herceptin) through yeast
expression and in vitro enzymatic glycosylation. Proc. Natl. Acad. Sci. USA 2018, 115, 720–725. [CrossRef] [PubMed]

39. Schwartz, C.; Cheng, J.F.; Evans, R.; Schwartz, C.A.; Wagner, J.M.; Anglin, S.; Beitz, A.; Pan, W.; Lonardi, S.; Blenner, M.; et al.
Validating genome-wide CRISPR-Cas9 function improves screening in the oleaginous yeast Yarrowia lipolytica. Metab. Eng. 2019,
55, 102–110. [CrossRef]

40. Yang, E.; Shah, K. Nanobodies: Next generation of cancer diagnostics and therapeutics. Front. Oncol. 2020, 10, 1182. [CrossRef]
41. Arias, C.A.; Marques, D.D.; Malpiedi, L.P.; Maranhão, A.Q.; Parra, D.A.; Converti, A.; Pessoa, A. Cultivation of Pichia pastoris

carrying the scFv anti LDL (-) antibody fragment. Effect of preculture carbon source. Braz. J. Microbiol. 2017, 48, 419–426.
[CrossRef]

42. Zhang, S.; Zhang, M.; Wu, W.; Yuan, Z.; Tsun, A.; Wu, M.; Chen, B.; Li, J.; Miao, X.; Miao, X.; et al. Preclinical characterization of
Sintilimab, a fully human anti-PD-1 therapeutic monoclonal antibody for cancer. Antib. Ther. 2018, 1, 65–73. [CrossRef]

43. Wang, J.; Fei, K.; Jing, H.; Wu, Z.; Wu, W.; Zhou, S.; Ni, H.; Chen, B.; Xiong, Y.; Liu, Y.; et al. Durable blockade of PD-1 signaling
links preclinical efficacy of sintilimab to its clinical benefit. mAbs 2019, 11, 1443–1451. [CrossRef] [PubMed]

http://doi.org/10.5511/plantbiotechnology.21.0610a
http://doi.org/10.4161/bioe.22856
http://doi.org/10.3390/microorganisms6020038
http://doi.org/10.3389/fbioe.2020.00691
http://doi.org/10.1186/s12934-021-01624-0
http://doi.org/10.1088/1755-1315/913/1/012099
http://doi.org/10.1016/j.jbiotec.2016.02.023
http://doi.org/10.1093/femsyr/foz007
http://doi.org/10.3390/jof7070548
http://doi.org/10.1186/s40694-020-00095-z
http://doi.org/10.1098/rsob.160196
http://doi.org/10.1186/s12934-021-01650-y
http://doi.org/10.1016/b978-0-12-809633-8.20885-6
http://doi.org/10.3390/molecules27072300
http://doi.org/10.3390/microorganisms7020040
http://doi.org/10.3389/fbioe.2022.876316
http://doi.org/10.3389/fbioe.2019.00094
http://doi.org/10.1039/b805115c
http://www.ncbi.nlm.nih.gov/pubmed/19551180
http://doi.org/10.1016/j.sbi.2013.06.012
http://www.ncbi.nlm.nih.gov/pubmed/23838175
http://doi.org/10.1016/j.smim.2017.08.014
http://doi.org/10.3389/fimmu.2021.674484
http://doi.org/10.1111/j.1567-1364.2010.00665.x
http://www.ncbi.nlm.nih.gov/pubmed/20707820
http://doi.org/10.1073/pnas.1718172115
http://www.ncbi.nlm.nih.gov/pubmed/29311294
http://doi.org/10.1016/j.ymben.2019.06.007
http://doi.org/10.3389/fonc.2020.01182
http://doi.org/10.1016/j.bjm.2016.11.009
http://doi.org/10.1093/abt/tby005
http://doi.org/10.1080/19420862.2019.1654303
http://www.ncbi.nlm.nih.gov/pubmed/31402780


J. Fungi 2022, 8, 1179 12 of 13

44. McMahon, C.; Baier, A.S.; Pascolutti, R.; Wegrecki, M.; Zheng, S.; Ong, J.X.; Erlandson, S.C.; Hilger, D.; Rasmussen, S.G.F.; Ring,
A.M.; et al. Yeast surface display platform for rapid discovery of conformationally selective nanobodies. Nat. Struct. Mol. Biol.
2018, 25, 289–296. [CrossRef] [PubMed]

45. Lübeck, M.; Lübeck, P.S. Fungal Cell Factories for Efficient and Sustainable Production of Proteins and Peptides. Microorganisms
2022, 10, 753. [CrossRef] [PubMed]

46. Zhang, Z.; Xiang, B.; Zhao, S.; Yang, L.; Chen, Y.; Hu, Y.; Hu, S. Construction of a novel filamentous fungal protein expression
system based on redesigning of regulatory elements. Appl. Microbiol. Biotechnol. 2022, 106, 647–661. [CrossRef]

47. Frisvad, J.C.; Møller, L.L.H.; Larsen, T.O.; Kumar, R.; Arnau, J. Safety of the fungal workhorses of industrial biotechnology:
Update on the mycotoxin and secondary metabolite potential of Aspergillus niger, Aspergillus oryzae, and Trichoderma reesei. Appl.
Microbiol. Biotechnol. 2018, 102, 9481–9515. [CrossRef]

48. Musoni, M.; Destain, J.; Thonart, P.; Bahama, J.B.; Delvigne, F. Bioreactor design and implementation strategies for the cultivation
of filamentous fungi and the production of fungal metabolites: From traditional methods to engineered systems. BASE 2015, 19,
430–442.

49. Arora, S.; Rani, R.; Ghosh, S. Bioreactors in solid state fermentation technology: Design, applications and engineering aspects. J.
Biotechnol. 2018, 269, 16–34. [CrossRef]

50. Manan, M.A.; Webb, C. Performance of fungal growth through integrated Gompertz model and respiratory quotient by solid
state fermentation in multi-layer squared tray solid state bioreactor with aeration strategies. Preprint 2021. [CrossRef]

51. Jozala, A.F.; Geraldes, D.C.; Tundisi, L.L.; Feitosa, V.D.A.; Breyer, C.A.; Cardoso, S.L.; Mazzola, P.; Nascimento, L.D.O.; Rangel-
Yagui, C.; Magalhães, P.D.O.; et al. Biopharmaceuticals from microorganisms: From production to purification. Braz. J. Microbiol.
2016, 47, 51–63. [CrossRef]

52. Soliman, S.S.M.; Raizada, M.N. Darkness: A crucial factor in fungal taxol production. Front. Microbiol. 2018, 9, 353. [CrossRef]
53. Moubasher, H.A.; Balbool, B.A.; Helmy, Y.A.; Alsuhaibani, A.M.; Atta, A.A.; Sheir, D.H.; Abdel-Azeem, A.M. Insights into

Asparaginase from endophytic fungus Lasiodiplodia theobromae: Purification, characterization and antileukemic activity. Int. J.
Environ. Res. Public Health 2022, 19, 680. [CrossRef]

54. Saied, E.M.; El-Maradny, Y.A.; Osman, A.A.; Darwish, A.M.; Abo Nahas, H.H.; Niedbała, G.; Piekutowska, M.; Abdel-Rahman,
M.A.; Balbool, B.A.; Abdel-Azeem, A.M. A Comprehensive Review about the Molecular Structure of Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2): Insights into Natural Products against COVID-19. Pharmaceutics 2021, 13, 1759.
[CrossRef] [PubMed]

55. Rantasalo, A.; Vitikainen, M.; Paasikallio, T.; Jäntti, J.; Landowski, C.; Mojzita, D. Novel genetic tools that enable highly pure
protein production in Trichoderma reesei. Sci. Rep. 2019, 9, 5032. [CrossRef] [PubMed]

56. Meade, E.; Hehir, S.; Rowan, N.; Garvey, M. Mycotherapy: Potential of fungal bioactives for the treatment of mental health
disorders and morbidities of chronic pain. J. Fungi 2022, 8, 290. [CrossRef]

57. Weesner, J.A.; Annunziata, I.; Yang, T.; Acosta, W.; Gomero, E.; Hu, H.; van de Vlekkert, D.; Ayala, J.; Qiu, X.; Fremuth, L.E.; et al.
Preclinical enzyme replacement therapy with a recombinant β-galactosidase-lectin fusion for CNS delivery and treatment of
GM1-gangliosidosis. Cells 2022, 11, 2579. [CrossRef] [PubMed]

58. Shankar, R.; Upadhyay, P.K.; Kumar, M. Protease enzymes: Highlights on potential of proteases as therapeutics agents. Int. J. Pept.
Res. Ther. 2021, 27, 1281–1296. [CrossRef]

59. Parenteau, J.; Durand, M.; Véronneau, S.; Lacombe, A.-A.; Morin, G.; Guérin, V.; Cecez, B.; Gervais-Bird, J.; Koh, C.-S.; Brunelle,
D.; et al. Deletion of many yeast introns reveals a minority of genes that require splicing for function. Mol. Biol. Cell 2008, 19,
1932–1941. [CrossRef]

60. Moabbi, A.M.; Agarwal, N.; El Kaderi, B.; Ansari, A. Role for gene looping in intron-mediated enhancement of transcription. Proc.
Natl. Acad. Sci. USA 2012, 109, 8505–8510. [CrossRef]

61. Tang, H.; Wu, Y.; Deng, J.; Chen, N.; Zheng, Z.; Wei, Y.; Luo, X.; Keasling, J.D. Promoter architecture and promoter engineering in
Saccharomyces cerevisiae. Metabolites 2020, 10, 320. [CrossRef]

62. Bernhard, F.; Klammt, C.; Rüterjans, H. Recombinant deoxyribonucleic acid and protein expression. Compr. Med. Chem. II 2007, 3,
107–128. [CrossRef]

63. Fu, H.; Liang, Y.; Zhong, X.; Pan, Z.; Huang, L.; Zhang, H.; Xu, Y.; Zhou, W.; Liu, Z. Codon optimization with deep learning to
enhance protein expression. Sci. Rep. 2020, 10, 17617. [CrossRef] [PubMed]

64. Zhou, Z.; Dang, Y.; Zhou, M.; Li, L.; Yu, C.-H.; Fu, J.; Chen, S.; Liu, Y. Codon usage is an important determinant of gene expression
levels largely through its effects on transcription. Proc. Natl. Acad. Sci. USA 2016, 113, E6117–E6125. [CrossRef]

65. Xu, Y.; Liu, K.; Han, Y.; Xing, Y.; Zhang, Y.; Yang, Q.; Zhou, M. Codon usage bias regulates gene expression and protein
conformation in yeast expression system P. pastoris. Microb. Cell Fact. 2021, 20, 91. [CrossRef] [PubMed]

66. Westman, J.O.; Franzén, C.J. Current progress in high cell density yeast bioprocesses for bioethanol production. Biotechnol. J. 2015,
10, 1185–1195. [CrossRef] [PubMed]

67. Malairuang, K.; Krajang, M.; Sukna, J.; Rattanapradit, K.; Chamsart, S. High cell density cultivation of Saccharomyces cerevisiae
with intensive multiple sequential batches together with a novel technique of Fed-Batch at Cell level (FBC). Processes 2020, 8, 1321.
[CrossRef]

68. van Rensburg, E.; Den Haan, R.; Smith, J.; van Zyl, W.H.; Görgens, J.F. The metabolic burden of cellulase expression by
recombinant Saccharomyces cerevisiae Y294 in aerobic batch culture. Appl. Microbiol. Biotechnol. 2012, 96, 197–209. [CrossRef]

http://doi.org/10.1038/s41594-018-0028-6
http://www.ncbi.nlm.nih.gov/pubmed/29434346
http://doi.org/10.3390/microorganisms10040753
http://www.ncbi.nlm.nih.gov/pubmed/35456803
http://doi.org/10.1007/s00253-022-11761-0
http://doi.org/10.1007/s00253-018-9354-1
http://doi.org/10.1016/j.jbiotec.2018.01.010
http://doi.org/10.21203/rs.3.rs-609415/v1
http://doi.org/10.1016/j.bjm.2016.10.007
http://doi.org/10.3389/fmicb.2018.00353
http://doi.org/10.3390/ijerph19020680
http://doi.org/10.3390/pharmaceutics13111759
http://www.ncbi.nlm.nih.gov/pubmed/34834174
http://doi.org/10.1038/s41598-019-41573-8
http://www.ncbi.nlm.nih.gov/pubmed/30902998
http://doi.org/10.3390/jof8030290
http://doi.org/10.3390/cells11162579
http://www.ncbi.nlm.nih.gov/pubmed/36010656
http://doi.org/10.1007/s10989-021-10167-2
http://doi.org/10.1091/mbc.e07-12-1254
http://doi.org/10.1073/pnas.1112400109
http://doi.org/10.3390/metabo10080320
http://doi.org/10.1016/b0-08-045044-x/00079-1
http://doi.org/10.1038/s41598-020-74091-z
http://www.ncbi.nlm.nih.gov/pubmed/33077783
http://doi.org/10.1073/pnas.1606724113
http://doi.org/10.1186/s12934-021-01580-9
http://www.ncbi.nlm.nih.gov/pubmed/33902585
http://doi.org/10.1002/biot.201400581
http://www.ncbi.nlm.nih.gov/pubmed/26211654
http://doi.org/10.3390/pr8101321
http://doi.org/10.1007/s00253-012-4037-9


J. Fungi 2022, 8, 1179 13 of 13

69. Clarke, L.; Kitney, R. Developing synthetic biology for industrial biotechnology applications. Biochem. Soc. Trans. 2020, 48,
113–122. [CrossRef]

70. Rodrigues, J.L.; Rodrigues, L.R. Synthetic biology: Perspectives in industrial biotechnology. In Current Developments in Biotechnol-
ogy and Bioengineering; Elsevier: Amsterdam, The Netherlands, 2017; pp. 239–269.

71. Liu, Z.; Zhang, Y.; Nielsen, J. Synthetic biology of yeast. Biochemistry 2019, 58, 1511–1520. [CrossRef]

http://doi.org/10.1042/BST20190349
http://doi.org/10.1021/acs.biochem.8b01236

	Introduction 
	Application of Non-Mammalian Eukaryotic Cells in Bioprocessing 
	Yeast Cell Systems in Biologics Manufacturing 
	Polyketides and Non-Ribosomal Peptides 
	Vaccine Production 
	Monoclonal Antibodies 

	Fungal Cell Systems in Biologics Manufacturing 

	Industrial Considerations 
	Conclusions 
	References

