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: ABSTRACT

Recently, the market demand for biopharmaceuticals and nutraceuticals has increased. Consequently,

: high-volume production strategies have also drawn a lot of attention. The invention and development
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¢ yeasts have a special place due to their numerous benefits. The present study deals with commercial
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Introduction

he development of biopharmaceuticals

has been one of the world’s largest and

fastest-growing areas of the pharmaceuti-

cal industry in recent years, and its global

market size is estimated to reach $400 bil-
lion by 2025 [1]. The development of recombinant DNA
knowledge and its application in biotechnology has
revolutionized the manufacturing of biopharmaceuticals
[2]. Compared to conventional drugs, biopharmaceuti-
cals possess many benefits, including specific targeting,
fewer side effects [3], and higher specificity and activ-
ity [4]. Therefore, special notice has been established to
produce biopharmaceuticals using various engineered
hosts like mammalian cells, insects, E. coli, and yeast
[5, 6]. However, each host has benefits and drawbacks
(Figure 1).

In recent years, pharmaceutical commerce has taken
a new approach to drug discovery, focusing on nutra-
ceuticals [7]. The word “nutraceutical,” as a mixture
of nutrition and pharmaceutical, refers to food or por-
tion that offers health profits and avoids and manages
ailments [8]. Therefore, some pharmaceutical corpo-
rations were delighted to import nutraceuticals to the
market due to their numerous pharmacological ben-
efits for several diseases [9]. Their global market size
reached nearly $230 billion in 2018 and is expected to
be $336.1 billion by 2023 [10]. In this regard, “yeast
extract”—the nutrient-rich cell material of yeasts—has
been successfully applied to produce different types of

Figure 1. Advantages and disadvantages of expression hosts [107]
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nutraceuticals on a laboratory scale. The soluble parts
of yeast cells make up yeast extract, a processed yeast
product widely utilized in the food industry as a food
flavoring, additive, vitamin supplement, and dietary
source for bacterial growth media [11, 12]. A wealth
of research [13, 14] has demonstrated the significance
of employing yeast extract in industrial fermentation
to produce microbial biomass or products. For the
preparation of yeast extract, various yeast species, par-
ticularly Saccharomyces cerevisiae, have been used to
make yeast extract or used as a nutritional supplement
in bacterial growth media. Besides, their biological by-
products serve as superb scaffolds in the manufacturing
of nanoparticles. Moreover, they are efficient secre-
tors of extracellular enzymes. Yeast cells can be grown
and cultured in a fairly straightforward manner. Metal
nanoparticles are produced through enzyme-mediated
intracellular and extracellular reduction [15].

Another expression system, such as E. coli, has been rec-
ognized as a preferable host used to create recombinant
proteins since it has a wide range of genetic tools, rapid
growth, and straightforward methods for cultivating. How-
ever, using E. coli may be difficult or impossible based on
the characteristics of the required protein. This situation is
especially the case when the recombinant protein requires
to undergo proteolytic processing, glycosylation, or other
chemical modifications following translation. Consequent-
ly, the enzymes isolated from E. coli usually need to go via
the experimental procedure to add posttranslational modi-
fications. These additional steps to the protein synthesis
process make the procedure even more expensive and re-

*Advantages: glycosylation that occurs naturally

*Disadvantages: limited yield, high production costs,
isoenzyme combinations

*Advantages: human-like glycosylation

*Disadvantages: limited yield, high production costs

*Advantages: high yield, low production costs, high cell
density cultivations, and extracellular production

*Disadvantages: heterogeneous, hyper glycosylation

*Advantages: high yield, low production costs, and high
cell density cultivations with no glycosylation

*Disadvantages: low refolding yields
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duce the quantity produced of the recombinant protein. As
a result, eukaryotic hosts have been used as a substitute for
in situ manipulation [16-20], to carry out most of the post-
translational modifications necessary for a physiologically
relevant recombinant protein. However, yeasts integrate the
simple nature of a unicellular organism with fewer nutri-
tional requirements than insect and mammalian cells. As a
result, yeast bioassays for medical/health research have also
been developed in several directions, especially for estab-
lishing large-scale screening approaches for novel medica-
tion research, mainly for mitochondrial malfunctions [21].
These bioassays go beyond the direct biosensing harmful
chemicals. Yeast cells can be used for effective toxin trans-
port analysis [22]. Considering the potential for drug devel-
opment, some yeast-based bioassays have been developed
to screen a variety of health risks to people. Below is a list
of some instances.

Medications for malignancy

Human matrix metalloproteinases (MMPs) and the
various dysfunctions they cause contribute to some se-
rious disorders, particularly the emergence of tumors.
Given their potential as therapeutic objectives, malig-
nancy researchers seek antagonists of particular matrix
metalloproteinases. A recombinant Pichia pastoris yeast
strain was created by Diehl et al. that produce functional
human MMPs at the cell surface, enabling the detec-
tion of MMPs [23]. The discovery of PI3K regulators
is made possible by yet another screen based on the S.
cerevisiae model [24].

Medications for anti-protozoans

Plasmodium parasites, particularly P falciparum,
which are spread to individuals by mosquito bites, is the
cause of the potentially fatal disease malaria. Because
of the emergence of immunity to earlier remedies, arte-
misinin is now the only effective medication to treat ma-
laria. To search for new treatments and understand better
the medication’s mechanism of activity, a bioassay has
been devised in S. cerevisiae to test for substances with
artemisinin-like activity [25].

Medications against prions

Growing yeast has been demonstrated to be an effective
tool for investigating prions [26, 27]. Bach et al. devel-
oped a medicine active against mammals employing the
preservation of the biochemical routes controlling prions
generation and retention between yeasts and mammals
[28, 29]. Their strategy was confirmed as a successful
rapid screening technique to find prion blockers. It en-
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abled the identification of a novel family of chemicals,
the kastellpaolitines, capable of accelerating mammalian
prion clearance.

In this review, we studied the investigations published
on the employment of yeast hosts for the industrial man-
ufacture of FDA-approved pharmaceuticals and labora-
tory-scale production of nutraceuticals.

There are similar articles in this field, but they are still
incomplete and outdated. The present study provides a
comprehensive and up-to-date overview of this subject.

Yeast hosts
S. cerevisiae

S. cerevisiae was the primary yeast expression platform
developed to produce recombinant therapeutic proteins. Us-
ing S. cerevisiae as a cell factory has a considerable benefits
like the ability to secrete a biologically active form of eu-
karyotic proteins; its good adaption to difficult conditions in
large-scale environments is particularly highlighted in the
pharmaceutical industry. S. cerevisiae was employed as an
efficient host organism to generate different commercial re-
combinant therapeutic proteins [8, 9, 30, 31]. Furthermore,
S. cerevisiae was known to produce numerous nutraceuti-
cals [32-36]. However, this host still has several drawbacks,
including the production of alien glycoforms like hypergly-
cosylation, plasmid instability, and low protein yields [37].
Therefore, recent investigations have directed to expand-
ing alternative yeast expression platforms to overcome the
mentioned problems.

P. Pastoris

P, pastoris, as an alternative yeast expression system, has
gained much consideration due to its highly efficient intra-
cellular and extracellular secretory expression [38, 39]. Asa
host, P. pastoris exhibits several benefits, including power-
ful methanol-regulated promoters [40, 41], the possibility
to reach high cell density cultures [42], capacity to perform
various eukaryotic posttranslational modifications [43],
hassle-free extraction of secreted proteins as a result of the
low extent of in-house proteins in the extracellular environ-
ment [37], and assignment of GRAS (generally regarded as
safe) description via Food and Drug Administration (FDA)
[44]. Because of these advantages, P. pastoris is broadly
consumed to produce several recombinant heterologous
proteins [37, 45-47]. Despite many desirable features, P
pastoris has few drawbacks like high concentrations of pro-
teases and hazards associated with large amounts of accu-
mulated methanol [48].

—
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Hansenula polymorpha (Pichia angusta)

Hansenula polymorpha (Pichia angusta), like P. pas-
toris, has a methanol-assimilating pathway; therefore,
it can propagate on methanol as the self-sufficient car-
bon and energy source [37]. Compared to other methyl
trophic yeast strains, H. polymorpha has a few unique
features, including the capability of nitrate assimilation
and heat tolerance up to 50°C [49]. H. polymorpha is
one of the ideal alternative platforms to produce recom-
binant protein due to the strong inducible promoters
belonging to the methanol utilization pathway [50], ef-
ficient secretion [51], high productivity value [52], less
hyperglycosylation activity compared to S. cerevisiae
[37], and outstanding storage capacity for heterologous
membrane proteins [53] fused to an appropriate signal
peptide [54]. Today, a few market-available recom-
binant therapeutics are produced using H. polymor-
pha [55]. However, despite the beneficial features of
H. polymorpha to produce biopharmaceuticals, some
challenges and limitations are present like the particu-
lar host strain and product as well as protein retention
in the endoplasmic reticulum [56], damaged processing
[55, 57], and proteolytic degradation [58].
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Yarrowia lipolytica

Researchers extensively study Y. lipolytica as a non-
conventional yeast due to its notable features, including
its inherent ability to secrete a broad range of products,
GRAS status, low level of hyperglycosylation, and high
level of product yield [59]. Therefore, several geneti-
cally engineered strains of this yeast are employed for
the laboratory-scale manufacturing of several pharma-
cologically important products, such as biopharmaceu-
ticals and nutraceuticals [60-64]. Despite its potential
application, using Y. lipolytica still requires laborious
procedures of strain expansion to reach the maximum
yield and productivity [65].

There is no single yeast platform ideal for manufac-
turing all possible products. Consequently, a parallel as-
sessment of potential yeast platforms is essential to find
a suitable host for optimal targeted industrial purposes.
This article describes yeast-derived biopharmaceuticals
and nutraceuticals based on the host used for their bio-
manufacturing.

Table 1. Saccharomyces cerevisiae-derived biopharmaceuticals [64]

Category Protein Brand Name Company Therapeutic Application
Human albumin (HA) Recombumin [108] Albumedix Stabilization o.fthe b|o|og|c§l drugs and
vaccines formulation
Blood factors
Factor XIIl A-subunit Tretten [109] Novo Nordisk Congenital factor Xl A-subunit deficiency
Lepirudin (recombinant hirudin) Refludan Bayer HealthCare Anhc9agu|at|on ] hfeparm—
Tissue plasminogen induced thrombocytopenia
activator f
Desirudin (recombinant hirudin) I Canyon‘ Inhibition of venous thrombosis
Revasc Pharmaceuticals
Sargramostim (rhu GM-CSF) Leukine Bayer HealthCare
Cytokines Cancer, bone marrow transplant
Molgramostim (rGM-CSF) Leucomax Novartis
Insulin aspart Novolog
Insulin detemir Levemir Novo Nordisk Diabetes mellitus
Insulin degludec Tresiba [110]
Somatropin (growth hormone) Declagel [111] BioPartners Short stature/Somatotropin deficiency
Liraglutide (a glucagon-like peptidel . . '
correspondent with linked fatty acid) Victoza Dol Ll 2
. Glucagon GlucaGen Novo Nordisk Hypoglycemia
Recombinant
hormones ity di i
REGRANEX Raritan Lower extrem!ty diabetic
Neuropathic ulcers
) . Augment Bqng Graft [112] As an alternative to autograft in arthrodesis
Becaplermin (a recombinant human AUGMENT injectable (Al) of the ankle and or hindfoot
platelet-derived growth factor [113]
BioMimetic

(rhPDGF-BB)

GEM 21STM [114]

Therapeutics, LLC

Remedy for intrabony periodontal
problems, furcating periodontal defects,
gingival decline related to periodontal
problems

Res Mol Med, 2022; 10(2):65-84
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Category Protein Brand Name Company Therapeutic Application
Recombivax Vaccination against Hepatitis B
Merck . ) )
Comvax Protection against H. influenza type B and
Hepatitis B
Sanofi Pasteur and L . o
HBVaxPro Merck (MSD) Immunization against Hepatitis B
Protection against tetanus, diphtheria,
Hexavax pertussis, polio, Hemophilus influenza type
B, and Hepatitis B
Sanofi
Vaccination against infections instigated
Procomvax by all identified subtypes of the Hepatitis
B virus
Euvax B LG Life Sciences Ltd H. influenza type B and Hepatitis B
Ambirix Prevention of Hepatitis A and B
Pediarix Protection against Hepatitis B
Hepatitis B surface antigen
Twinrix Protection against Hepatitis A and B
TritanricHB Immunization against diphtheria, pertussis,

Recombinant
vaccines

Infanrix-hexa

Infanrix Hep B

Infanrix-Penta

tetanus, and Hepatitis B

Immunization against Haemophilus
influenza type B, diphtheria, tetanus,
pertussis, polio, and Hepatitis B

GlaxoSmithKline

Prevention of Hepatitis B, diphtheria,
pertussis, and tetanus

Prevention of diphtheria, pertussis tetanus,
polio, and Hepatitis B

Engerix-B Immunization against Hepatitis B
Fendrix Vaccination against Hepatitis B
. . Prevention of diphtheria, tetanus, Hepatitis
Primavax Pasteur merieux 8
RTS, S (portion of P. falciparum
circumsporozoite protein fused with
Hepatitis B surface antigen [RTS], . . o
and combined with Hepatitis B Mosquirix [116] GlaxoSmithKline Protection agamst Hepanps B n S|tu.at10ns
X . where malaria prevention is required
surface antigen [S]), in the form of
non-infectious viruslike particles2
[115]
Virus-like particles (VLPs) of the Vaccination against ailments generated
major capsid (L1) protein of HPV Gardasil through the specified types of HPV
Types 6, 11, 16, and 18 included
Virus-like particles (VLPs) of the Merck N . .
major capsid (L1) protein of HPV Vaccination against diseases created by
Types 6, 11, 16, 18, 31, 33, 45, 52, Gardasil 9 the specified types of.HPV included in the
vaccine
and 58
Rasburlcas? (a recombinant urate ELITEK Sanofi e
. oxidase enzyme)
Recombinant
enzymes
Albiglutide (a L '
G ——— TANZEUM GlaxoSmithKline Type 2 diabetes

'This medicine is now withdrawn from use in the European Union

MM

The phase III trial for evaluating the efficacy and safety was carried out at 11 trial sections in seven African countries with
various malaria transference severity and patterning. There is no WHO guideline suggestion for the bulky usage of the RTS,

S malaria vaccine after the pilot schedule.

Res Mol Med, 2022; 10(2):65-84
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Table 2. Production of nutraceuticals in S. cerevisiae
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Category Protein Therapeutic application
Anti-hepatitis C virus [117], antiaging [118-120], anti-alzheimer [121],
Naringenin (flavanone) [33] antiasthma [122], anticancer [123], antidiabetic [124-128], antimicrobial
[129], antioxidant [130]
Antioxidant [131], anticancer [132, 133], cardioprotective [134, 135],
Resveratrol [32, 34] neuroprotective [136, 137], Anti-inflammatory [137],
Antimicrobial [138]
Fisetin [30] Antioxidant [139], anticancer [140], neuroprotective [141]
Phenylpropanoids Scutellarin [142] Cardio- and cerebro-vascular diseases prevention [71]

Anthocyanin
(pelargonidin-3-O-glucoside, cyanidin-
3-0-glucoside, delphinidin-3-O-glucoside)
[143]

Dihydrochalcones (phlorizin, naringin
dihydrochalcone, nothofagin) [144]

Salidroside [145]

Genistein [146]

Kaempferol [30]

Flavonoid derivatives Quercetin [30]

Liquiritigenin [30]
Resokaempferol [30]
Lycopene [35]
Astaxanthin [36]
Limonene [164]
Sabinene [164]
Geraniol [165]
a-terpineol [166]
Artemisinic acid [167]
Valerenic acid [168]

Terpenoids
Patchoulol [169]
Sclareol [170]
Miltiradiene [171]
Hydrocortisone [171]
Carnosic acid [172]
Ginsenoside Rh2 [173]
Ginsenoside Rg3 [174]

Glycyrrhetinic acid [175]

Antioxidant, neuroprotective, antidiabetic, anti-inflammatory, improve-
ment of vision, cardioprotective [71]

Antioxidant, hypoglycemic agent [71]

Anticancer, protection of the cardiovascular system, nerve cells, and brain
[71]

Anti-inflammatory [147], anticancer [148], cardioprotective [149], neuro-
protective [150]

Anti-Inflammatory [151], anti-obesity [152], anticancer [153]

Neuroprotective [68], anti-depression [154], improvement of learning and
memory [155]

Anticancer [156], antioxidant [157], antidiabetic [158], anti aging [159]

Antioxidant [160], anti-inflammatory [161], anti apoptotic [162], retinal
diseases [163]

Antibacterial and insecticide [71]

Antibacterial and insecticide [104]

Antimicrobial and antitumor [71]
Anti-fungal [71]
Antimalarial [71]

Anxiolytic and sedative [71]
Neuroprotection, anti-inflammatory, and anticancer [71]
Antibacterial and fragrances [71]
Anticancer, antibacterial, and anti-inflammatory [71]
Anti-inflammatory [71]

Antitumor, antioxidant, and anti-inflammatory [71]
Prevention and treatment of cancer [71]
Anticancer and anti-tumor [71]

Antiviral, antiallergic, liver protection, and antiulcer [71]

Res Mol Med, 2022; 10(2):65-84
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Category Protein Therapeutic application
Strictosidine [176] Anti-cancer [71]
Opioids (thebaine, hydrocodone) [73] Analgesic [71]
Alkaloids Noscapine [74] Anticancer and antitussive [71]

Tropine [103]

Pseudotropine [177]

Treatment for the neurological disorder [71]

Anticholinergic [71]

Yeast-based products
S. cerevisiae-based products
Biopharmaceuticals

S. cerevisiae, as a first-choice yeast host cell, is used
to produce 20% of biopharmaceuticals [66]. Therefore,
several strains of this yeast consisting of wild-type and
mutant ones are applied for protein expression [67].
BJ5464 is an S. cerevisiae dominant strain for recom-
binant protein production [68]. Numerous S. cerevisiae-
derived biopharmaceuticals have been approved for hu-
man use, which can be categorized into different groups
(Table 1).

Nutraceuticals

As a significant industrial host, S. cerevisiae can pro-
duce nutraceutical ingredients. Furthermore, it can be
genetically manipulated to produce targeted substances
in relatively high amounts [69]. Several examples of
nutraceuticals produced in S. cerevisiae are provided in
Table 2.

P. pastoris-based products
Biopharmaceuticals

P. pastoris expression platform is being efficaciously
utilized to create several FDA-approved biopharmaceu-
ticals which have already found their way to the market.
Besides, there are several commercially-available re-
combinant proteins produced in P. pastoris for research
purposes, like human stem cell factor, human serum
albumin and interferon (HSA-IFN)-o 2b, murine tumor
necrosis factor (TNF)-a, ovine interferon (IFN)-t and
recombinant human angiostatin [70]. P. pastoris expres-
sion strains are generally descendants of the NRRL-Y
11430 strain [39]. Novel strains such as GS115 and
GS200 have emerged due to mutations in the auxotro-
phic genes and could grow in the least media enriched

Res Mol Med, 2022; 10(2):65-84

2HMm
with histidine and arginine [44]. Table 3 presents several

FDA-approved biopharmaceutical compounds manu-
factured in Pichia for human application.

Nutraceuticals

P pastoris, as a methylotrophic yeast, has also been
designed to manufacture some nutraceuticals (Table 4).
However, the number of nutraceuticals produced in P
pastoris is much fewer than that in S. cerevisiae due to
the limited genetic tools available for the metabolic en-
gineering of this yeast [71].

Hansenula polymorpha-based products
Biopharmaceuticals

Several commercially-available biopharmaceuticals
have been successfully produced in H. polymorpha due
to developments in genome editing technology, trans-
formation optimization, and cultivation strategies [72]
(Table 5). The most frequently used H. polymorpha
strains for producing recombinant proteins are the DL-1
(NRRL-Y-7560; ATCC26012), CBS4732 (CCY38-
22-2; ATCC34438, NRRL-Y-5445), and NCYC495
(CBS1976; ATAA14754, NRLLY-1798).

Y. lipolytica-based products
Biopharmaceuticals

Y. lipolytica was considered a suitable host for the lab-
oratory-scale production of several biopharmaceutical
proteins (Table 6). According to various investigations,
a 10-20 fold growth in the heterologous manufacture of
these proteins can be achieved by consuming multicopy
vectors [73, 74] and scaling-up strategies [132, 133]. The
most employed host strains for making heterologous
proteins in Yarrowia are E129 and the Pol derivatives
(Pold, f, g, and h) [75].
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Category Protein Brand Name Company Therapeutic Application
Ecallantide (DX-88), a Hereditary angioedema
recombinant kallikrein Kalbitor Dyax (Cambridge, MA) ryang

s . treatment
inhibitor protein
Blood factors Recombinant human serum Mitsubishi Tanabe :
Medway Blood volume expansion

albumin

Recombinant microplasmin

Pharma (Japan)

ThromboGenics (Belgium) Vitreomacular adhesion

(Ocriplasmin) (VMA) treatment
Recombinant human insulin Insugen Biocon (India) Diabetes treatment
Basalog [70]
Recombinant hormones Interstitial cystiti .
i i i ystitis treat:
HEpan:o::?:lfgiti?F LS HB-EGF Trillium (Canada) ment/Treatment of bladder
g pain syndrome (IC/BPS)
. Recombinant interferon- ™ - Treatment of cancer &
Cytokines alpha 2b Shanferon Shantha/Sanofi (India) Hepatitis C

Recombinant vaccines Rl IS Shanvac™ Shantha/Sanofi (India) Prevention of Hepatitis B

vaccine

Recombinant trypsin
Recombinant enzymes

Recombinant collagen

Roche Applied Science

(Germany) Digestion of proteins

Fibrogen (San Francisco, CA) Medical research reagents/

dermal filler
Recombinant anti-IL6 . "
receptor single domain Nanobody ALX-0061 Ablynx (Belgium) Rheumatm:]:;tthrms Lesty
antibody fragment
Nanobody
Recombinant anti-RSV Treatment of respira-
single domain antibody Nanobody ALX00171 Ablynx (Belgium) tory syncytial virus (RSV)
fragment infection
2rmMm
Nutraceuticals clarifications [77]. In this regard, yeasts might play a

Y lipolytica, as a non-conventional oleaginous yeast,
is broadly utilized to produce different nutraceuticals
(Table 7).

Yeast-expressed products and COVID-19

The emergence and wide spread of coronavirus dis-
ease 2019 (COVID-19), produced by severe acute re-
spiratory syndrome coronavirus-2 (SARS-CoV-2), has
resulted in many deaths [76]. Therefore, after the recent
pandemic outbreak of COVID-19, the scientific associa-
tions collaborated to find therapeutic and preventative

Table 4. Production of nutraceuticals in P. pastoris

critical role in numerous fields like vaccine production,
genetic manipulation of the virus genome, and manufac-
turing of medicines.

Recombinant protein vaccines

Yeast is a promising platform for producing recom-
binant vaccines since it possesses several advantages,
including rapid growth, easy genetic manipulation, ex-
tracellular secretion of recombinant proteins, and add-
ing certain PTMs [78]. Recombinant protein subunit
vaccines, also called recombinant subunit vaccines, are
a distinguished group of vaccines composed of purified
immunogenic proteins or peptides that are virus deriva-

Category Protein

Therapeutic Application

Phenylpropanoids 30-Hydroxygenistein [179]
(+)-Nootkatone [180]
Terpenoids (+)-Ambrein [181]

Lycopene [182]

Antioxidant, anti proliferative, Anti-inflammatory, and anti-melanogenesis [71]

Anti-platelet aggregation and anti proliferative [71]

Anti-nociceptive and aphrodisiac [71, 181]

Anticancer [144], antioxidant [143], antidiabetic [145], anti aging [146]

2rHmm

Res Mol Med, 2022; 10(2):65-84
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Table 5. Hansenula polymorpha-derived biopharmaceuticals [183-185]

Category Protein Brand Name Company Therapeutic Application
Tissue plasminogen Treatment of hematoma,
p. s Hirudin Thrombexx Rhein Minapharm? thrombophlebitis, and shunt
activator . .
thrombosis prophylaxis
An intermediate-acting
Recombinant hormones  and a short-acting type of Wosulin Wockhardt Type 2 diabetes mellitus
insulin
Cytokines IFNa-2a Reiferon Rhein Minapharm Hepatitis C
Hepavax-gene Berna Biotech Korea Corpora-
& E tion, a Crucell Company
GeneVac-B Serum Ins.tltute of
India
Recombinant vaccines HBsAg Biovac-B Wockhardt Immunization against Hepatitis B
AgB Laboratorio Pablo
Heplisav B Dynavax GmbH

ZRMmM

'This company has also launched extrauma as the first worldwide topical recombinant hirudin. This product is used as an anti-

thrombotic and anti-inflammatory agent

tives [79]. Most of the investigations about SARS-CoV
subunit vaccines have focused on the “S” protein and
particularly its highly immunogenic receptor binding do-
main (RBD) [80, 81]; the results of these investigations
underlined the potential benefits of SARS-CoV subunit
vaccines against COVID-19 [82-87].

P, pastoris yeast is a suitable platform for the industrial
manufacture of pharmaceuticals and vaccines (Table 3).
One study reported antibody generation in mice follow-
ing the RBD antigen of SARS-CoV-2 expressed in P
pastoris, indicating the capability of this yeast to produce
an effective SARS-CoV subunit vaccine. Besides, RBD
obtained from P, pastoris showed a similar structure and
stability to that produced in HEK-293T cells [88]. There-

Table 6. Laboratory-scale production of biopharmaceuticals in Y. lipolytica

Category Protein

Therapeutic Application

Tissue plasminogen activator

Tissue plasminogen activator [186]

Treatment of hematoma, thrombophlebitis, and shunt
thrombosis prophylaxis

Recombinant hormones

Cytokines

Pro-inflammatory polypeptides

Blood factors

Antibody

Recombinant vaccines

Others

Proinsulin analog (10 kDa)
Insulinotropin (4 kDa) [187]

Epidermal growth factor (6 kDa) [188]

Human interferon alpha 2b (hIFN a2b) [190, 191]

Anaphylatoxin C5a [193]

Blood coagulation factor Xllla (80 kDa) [195]

Anti-Ras single-chain antibody
scFv (30 kDa) [197]

Anti-estradiol scFv (30 kDa) [186]

Hepatitis B virus pre-HBs
antigen (30 kDa) [188]

a-Foetoprotein (74 kDa) [186]

Diabetes treatment

Wound healing [189]

An antiviral and antineoplastic drug [192]
Anti-inflammatory effects in ischemia/Reperfusion
injury, allergic asthma, rheumatoid arthritis, and age-

related macular degeneration [194]

The main factor in blood coagulation [196]
A potential therapeutic antibody for ras-derived tumors
Evaluating the concentration of estradiol in urine or
blood (for clinical examination and in the course of

therapy) [198]

Immunization against Hepatitis B

As a therapeutic agent for autoimmune diseases [199]

Res Mol Med, 2022; 10(2):65-84

MM

—
73



http://rmm.mazums.ac.ir/index.php?&slct_pg_id=10&sid=1&slc_lang=en

Arianfar F, et al

Table 7. Production of nutraceuticals in Y. lipolytica
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Category Product

Therapeutic Application

Naringenin [200]

Phenylpropanoids Eriodictyol [201]
Taxifolin [201]
Inulin-type oligosaccharides Fructooligosaccharides [31]

y-linolenic acid [62]

Fatty acids Eicosapentaenoic acid (EPA)

Arachidonic acid [206]
Lipids Sterols [208]
Pigments Carotenoids [210]
Lycopene [61, 212]
a-Santalene [213]
Limonene [214]
[+]-Nootkatone [215]
Terpenoids
Protopanaxadiol [216]
Campesterol [217]
Ginsenoside K [218]
Astaxanthin [219]

Erythritol [220-228]

Sugar alcohol (polyol) Mannitol [221, 222, 229-235]

Arabitol [233, 235, 237]

Neuroprotective and antioxidant [71]
Antioxidant and antiaging [71]

Anticancer, Anti-inflammatory, and antidiabetic [71]

Remedy of traveler’s diarrhea and irritable bowel syndrome [202], Adjustment
of cholesterol profile, improving absorption of magnesium in postmenopausal
women [203]

Treatment of inflammatory conditions [204]

Treatment of heart-related disorders as well as reducing serum triglyceride (TG)

and non-high-density lipoprotein cholesterol (non-HDL-C) levels and possibly
decreasing main factors affecting atherogenesis [205]

Essential for the activity of all cells, particularly in the immune system, nervous
system, and skeletal muscles [207]

Treatment of hypercholesterolemia [209]

Reducing the risk of numerous ailments, predominantly eye diseases and
certain cancers, as a result of their function as antioxidants [211]

Anticancer [156], Antioxidant [157], Antidiabetic [158], anti aging [159]
Antibacterial and diuretic [71]
Antibacterial and insecticide [71]

Anti-platelet aggregation and antiproliferative [71]
Anticancer, Antibiotic, Antiviral, and antitumor [71]
Anti-inflammatory [71]

Anti-inflammatory and antitumor[71]

Antioxidant [71]

An appropriate sugar replacement for diabetic people [228]
A sweetener in diabetic food, As a medication to decrease high pressures in
the eyes, for assertive cases of kidney failure, for removal of toxins, and to treat
fluid imbalances [236]

Anticarcinogenic agent, Adipose tissue reducer [185]

fore, a P. pastoris-expressed SARS-CoV recombinant
RBD vaccine named BECOV2 was produced by Texas
Children’s Center for Vaccine Development at Baylor
College of Medicine (TCH-CVD) in corporation with
Biological E [89-92], and phase I/II clinical trial was ini-
tiated in India in November 2020 [93].

Besides, SpyBiotech and the Serum Institute of India
have produced a novel virus-like particle vaccine named
SIIPL, and it was dosed as the first subject in phase I/II
clinical trials. All recombinant parts of the SIIPL vaccine
were generated in yeast [94].

2rmm
A platform for SARS-CoV-2 virus cloning

During the COVID-19 pandemic, a suitable host is
needed for the genetic manipulation of the virus us-
ing recombinant DNA techniques. This manipulation
achieves many goals, such as developing diagnostics in
vivo models, antiviral therapeutics, and vaccines. Based
on a recent investigation [95], S. cerevisiae was a suit-
able host for assembly and maintenance of RNA virus
genomes, including SARS-CoV-2. S. cerevisiae exploits
an inherently homologous recombination system called
transformation-associated recombination (TAR) clon-
ing, which makes it a good host to generate full-length
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molecular clones from large DNA viruses such as coro-
naviruses [96].

TAR cloning application for assembly of full-length
coronavirus cDNA has many advantages, such as re-
ducing the time required to produce clones, providing a
rapid method for genome engineering, and preparing an
easy-to-use technique for establishment in different lab
settings [97].

Recombinant tropane alkaloids

Tropane alkaloids (TA), derived from nightshade
plants, are a valuable class of alkaloids widely used as
neurotransmitter inhibitor drugs to treat several neu-
romuscular disorders. Accordingly, the World Health
Organization (WHO) has classified them as necessary
medications [98, 99]. Supplying these essential drugs
can be jeopardized due to the recent pandemic caused by
SARS-CoV-2 [100, 101]. Therefore, cost-effective pro-
duction strategies using microbial cultures such as yeasts
become crucial [102]. In this regard, a recent study has
manipulated S. cerevisiae to produce medicinal alkaloids
named hyoscyamine and scopolamine [103].

Conclusion

Modern biotechnology has led to new recombinant
products such as biopharmaceuticals and nutraceuticals.
These products can be used in a broad range of diseases,
and there has been a global surge in demand for them
in recent years. According to WHO, the speed of demo-
graphic aging is higher than before, and a wide range
of the elderly population is concerned with many disor-
ders like diabetes, different types of cancer, and chronic
diseases. Therefore, the biopharmaceuticals market has
expanded dramatically in the latest years, and this rising
mode is anticipated to progress in the following years. In
this regard, yeasts are one of the engineered hosts for the
production of biopharmaceuticals. Scientists have modi-
fied the yeast system, making it more effective in creat-
ing roughly humanized protein. Non-conventional yeast
systems, such as P, pastoris, were developed alongside S.
cerevisiae to increase the yield of heterologous proteins.
By upgrading fermentation methods and expression sys-
tems and incorporating synthetic biology approaches,
we can successfully create many processes of producing
recombinant proteins in yeast from start to finish. The
advancements in glycan design enable the creation of
humanized molecules with longer half-lives and lower
immunogenicity. Further novel construction strategies
must be employed in the yeast system’s synthesis and
secretory processes to manufacture therapeutic protein.

Res Mol Med, 2022; 10(2):65-84
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On the other hand, during the COVID-19 outbreak,
high manufacturing capacity is required to provide life-
saving medical supplies such as medicines and vaccines.
Thus, yeast hosts can be very productive for the mass
production of COVID-19 therapeutics based on their
numerous capabilities. In addition, the development of
diagnostic and therapeutic strategies requires a suitable
host for manipulating the virus genome, and yeast hosts
can also meet this demand.

Finally, according to the available data, there have not
been any reviews concerning the usage of yeast hosts for
industrial manufacture of FDA-approved pharmaceuticals
and laboratory-scale production of nutraceuticals in recent
years, mainly about COVID-19. Therefore, the present
study can provide a good perspective on this issue.
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