International Journal of

Plant Biology

Review

Production of Recombinant Biopharmaceuticals in
Chlamydomonas reinhardtii

Cesar Andres Diaz Arias 1'*, Caroline Frere Martiniuc de Oliveira
Livia Seno Ferreira-Camargo 2, Marcelo Chuei Matsudo >

check for
updates

Citation: Arias, C.A.D.; Oliveira,
C.EM.d.; Molino, J.V.D.;
Ferreira-Camargo, L.S.; Matsudo,
M.C,; Carvalho, ].C.M.d. Production
of Recombinant Biopharmaceuticals
in Chlamydomonas reinhardtii. Int. J.
Plant Biol. 2023, 14, 39-52. https://
doi.org/10.3390/ijpb14010004

Academic Editors: Giuseppe Martelli

and Rosa Paola Radice

Received: 28 October 2022
Revised: 16 December 2022
Accepted: 20 December 2022
Published: 29 December 2022

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2 1,3
7

, Joao Vitor Dutra Molino
and Joao Carlos Monteiro de Carvalho *

Department of Biochemical and Pharmaceutical Technology, Faculty of Pharmaceutical Sciences,
University of Sdo Paulo, Av. Prof. Lineu Prestes 580, Bl. 16, Sao Paulo 05508-900, SP, Brazil

2 Center of Natural and Human Sciences, Federal University of ABC, Av. dos Estados, 5001,

Santo André 09210-580, SP, Brazil

California Center for Algae Biotechnology, Division of Biological Sciences, University of California,
San Diego, CA 92093, USA

Correspondence: cesar.andres.arias@gmail.com (C.A.D.A.); jemdcarv@usp.br (J.C.M.d.C.)

Abstract: This review aimed to present Chlamydomonas reinhardtii as an alternative for heterologous
protein production, especially for biopharmaceuticals, and its general characteristics when compared
with other expression systems. The need to produce heterologous proteins for industrial interest,
therapeutic ends, and diagnostic kits has led to the development of recombinant microalgal technol-
ogy. This technology presents some interesting features, such as rapid growth and low transgene
dispersion compared to plants, the ability to fold complex proteins compared to bacteria, and low
production costs compared to other expression systems, such as yeast and mammalian cells. Overall,
C. reinhardtii heterologous protein expression is coming of age with several research groups focused
on developing an optimal producer strain.
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1. Introduction

Microalgae have been used as an energy source for human and animal consumption,
producing fatty acids and secondary metabolites, such as pigments and biomass [1-4].
There are many microalgae species around the world. However, only a few are successfully
used for commercialization, including Chlorella and Spirulina [5,6]. Besides, Dunaliella salina
and Haematococcus pluvialis have been demonstrated as great species for 3-carotene and
astaxanthin production [7].

As recombinant DNA technology advanced, the genomes of several microalgae species
were sequenced, unveiling a myriad of DNA sequences exploitable for heterologous protein
expression [8-10]. Among all microalgae species, Chlamydomonas reinhardtii is widely used
in various studies, such as photosynthesis, cellular motility, and phototaxis. As plants,
microalgae present three genomes and protocols for genetic modification of the nucleus,
mitochondria, and chloroplast [11,12], which allows for successful results when genetically
modified. Many algae industries are developing algae-based products [1], and one of
them (Lumen Bioscience—Seattle, WA, USA) announced this year that they are hacking
Arthrospira platensis to generate biologics. However, as far as we are aware, no industry is
commercializing biopharmaceuticals produced by Chlamydomonas reinhardtii.

C. reinhardtii presents several advantages over other systems with its lower production
costs and rapid growth, as well as being a microorganism generally regarded as safe (GRAS)
by the US FDA (United States Food and Drug Administration).

The genus Chlamydomonas is distributed worldwide and may be found in a diversity
of habitats (e.g., freshwater, marine, and brackish waters, sewage ponds, snow, agricultural
and forest soils, deserts, and peat bogs), but the first strain of Chlamydomonas reinhardtii was
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probably isolated from a soil sample collected in a potato field, in Massachusetts State, USA,
in 1945 [13,14]. More recently, strains of C. reinhardtii have been newly isolated from palm
oil mill effluent in Malaysia [15] and freshwater samples in Korea [16,17]. Interestingly,
Hong et al. [16] found that the C. reinhardtii isolated from freshwater samples was able to
grow in a broad range of pH values (pH 4.0-12.0) and temperatures (10-30 °C). Although it
is isolated from soil samples, it can successfully grow in liquid or solid media, and several
recipes are proposed for that purpose [13]. Different culture medium compositions and
culture collections may be found at http://www.chlamy.org (accessed on 1 December 2022).

This photosynthetic microorganism can also be cultivated in closed photobioreactors,
reducing transgene dispersion risk [18,19]. It can produce complex proteins with post-
translational modifications, such as disulfide bonds and N-glycosylations [20]. Although
Chlamydomonas represents a tremendous potential technology, there is no optimal strain
that unifies efficient heterologous protein production on a commercial scale, which depends
on the cell components, cultivation processes, and protein extraction and purification [1].

In addition to developing robust gene expression systems, cultivation processes that
allow high biomass concentration and productivity are also needed [21], including devel-
oping suitable photobioreactors. In this sense, several types of photobioreactors have been
evaluated for the photoautotrophic cultivation of Chlamydomonas reinhardtii, such as bubble
column photobioreactors [22], reflector-coated LED-photobioreactors [23], horizontal-dual
bladed bioreactors [24], tubular photobioreactors with polypropylene-based tubes [25], air-
lift photobioreactors [26], biocoil photobioreactors made of 16 m-long polyvinyl tubes [27],
and high-density polyethylene bags ranged on racks within a greenhouse [28]. There is also
the possibility of performing heterotrophic growth in a mechanically stirred bioreactor [29].

This review aimed to present Chlamydomonas reinhardtii as a platform for heterologous
protein production compared to other expression systems and its efficient heterologous
protein production in the biopharmaceutical biotechnology application.

2. Chlamydomonas reinhardtii: The Microalga

The Chlamydomonas genus is commonly identified through morphological criteria.
Among species, measures such as size and body shape, as well as shape and position of
the chloroplast and flagellar length, are applied [30]. It is a biflagellate and unicellular
green alga, widely used as a photosynthetic model organism for studies in different areas,
including genetics, biochemistry, and cell biology. Some of these areas focus their studies on
the similarity of algae flagella and basal bodies to mammal cells, despite their evolutionary
divergence 10° years ago [31]. Approximately 500 species of Chlamydomonas are described
and can be found in different ecological niches. For example, Chlamydomonas nivalis was
found in land samples, first isolated by GM Smith in 1945 at the glaciers [30].

Chlamydomonas reinhardtii is easy to grow and presents low production costs, requiring
only sunlight, minimal media, and CO, to grow at scale [32]. It can grow heterotrophically
using acetate as a carbon source without needing light or in mixotrophic culture, in which
both energy sources are used. Moreover, this unicellular microalga is considered a fast-
growing microorganism, with a generation time of less than 10 h; it can be cultivated
in liquid and solid media, with neutral pH, without adding vitamins and cofactors [33].
Depending on the culture conditions, C. reinhardtii can divide up to five times to produce
32 daughter cells [34]. In a usual cycle of 12 h light and 12 h dark, the growth occurs in the
light phase, and the cellular division occurs in the dark phase. If nutrients do not limit the
growth, C. reinhardtii divides synchronously during the period of darkness into successive
mitotic divisions, generating four new cells [34].

This microalga is considered a powerful platform for the study of gene expression [12]
since it is a model organism with completely sequenced genomes [32] that present bene-
ficial specific characteristics, such as a GC-rich nuclear genome (62-68%) and an AT-rich
chloroplast genome [35].
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3. Chlamydomonas reinhardtii Genomic Knowledge

The nuclear genome has an estimated size of approximately 121 Mb, where the DNA
is randomly inserted and frequently generates DNA deletions in the inserted region,
which causes some difficulties for mutants” analyses and, mainly, low heterologous protein
expression [30].

Chlamydomonas’s chloroplast genome is approximately 195 kb, can be reliably trans-
formed through homologous recombination, and has an inverted repeat structure similar
to some terrestrial plants. Yet, the order of the genes differs significantly [30]. Compared to
the nuclear genome, the genetic content in the chloroplast is more straightforward, with
approximately 160 times fewer genes, with a reduced size [36-38]. Despite its simpler
genome, the chloroplast hosts a more considerable diversity of proteins (~3000), with
most imported from the nuclear genome. The diverse set of proteins harbors a range
of protein chaperones and protein disulfide isomerases that assist the correct folding of
complex proteins, such as a full-length human monoclonal antibody [39-41]. Contrary to
the nucleus, it is amenable to homologous recombination, simplifying genetic modification
strategies. By homologous recombination, two of the most frequent chloroplast genome
site transformations are the psbA and psbH gene sites [41-43]. The chloroplast occupies
half the cell volume, accumulating more proteins [44].

The nucleus and chloroplast genomes have different codon usages since, in the chloro-
plast, there is a higher occurrence of nucleotides adenine and thymine in the third position,
while in the nucleus, guanine and cytosine are predominant. Green fluorescent protein
(GFP) was increased 80-fold in protein accumulation, while in the nucleus there was only a
5-fold increase when the recombinant genes were previously codon-optimized [32]. This
microalga expression levels range from 0.16 to 5% of total soluble protein.

Heterologous protein expression levels depend on various factors, for example, re-
combinant protein codon optimization, promoter sequence, untranslated regions (UTRs),
gene silencing, proteases, and other molecules in the cultivation media. Another critical
factor affecting expression is the generated clones that are not maintained under selective
conditions [45,46].

3.1. Transformation Methods in Chlamydomonas reinhardtii

Microalgae genetic transformation is based on the permeabilization of the microorgan-
ism membrane, so the DNA is introduced into the cell. For this purpose, some techniques
are proposed as electroporation, glass beads agitation, biolistic systems, and Agrobacterium
tumefaciens-mediated transformation. It is essential to mention that the preferred transfor-
mation methods in the nucleus are agitation with glass beads and electroporation, while
the chloroplast is biolistic [47].

In 1988, the first stable chloroplast transformation in C. reinhardtii was successfully
performed [48]. C. reinhardtii has been used as the platform for heterologous protein
production in microalgae [47]. However, compared to the nucleus, the chloroplast cannot
perform, for example, protein glycosylation, a significant post-translational modification
in many therapeutic proteins. It also does not present a protein secretory pathway to the
culture media, increasing the purification step cost, since it requires an additional step for
cell lysing [41,49,50].

Despite its exciting features, such as complex post-translational modification and se-
cretion capacity, nuclear expression has low protein expression levels. Nevertheless, in the
last decade, expression vector development has presented some progress, using techniques
such as codon optimization and the development of appropriate expression vectors [51].
Despite the big leap required for protein expression in microalgae to attain economic inter-
est, recombinant strategies have presented a yield increase. For instance, the employment
of RuBisCo endogenous introns increased the expression levels of heterologous proteins
up to 450% [47], evidencing the gain yet to be achieved by further development. Some
endeavors with other microalgae species have also been made for protein expression. Other
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species are yet to be evaluated, which places C. reinhardtii as the best-evaluated and model
species for this purpose [52].

3.2. Chloroplast Gene Regulation and Nuclear Gene Regulation

The promoter is an essential element to start the transcription process, and its choice
is critical for the expression of heterologous proteins. The most applied ones for gene
expression in microalgae are the following: RbcS2, Hsp70, psaD, and psbA from the
genus Chlamydomonas, frequently used in Chlamydomonas sp., NR from Thalassiosira pseudo-
nana, Nos from Agrobacterium tumefaciens, 355 Cauliflower mosaic virus that is commonly
used in dinoflagellates, and Fcp from Phaeodactylum tricornutum and Thalassiosira pseudo-
nana [32,53,54].

Some fusion promoters, such as HSP70A (heat shock protein 70A)/RBCS2 and HSP70A /
2TUB (B2 tubulin), have been shown to enhance the expression of heterologous proteins in
the nucleus [32]. Some inducible promoters, such as NR, encoding a nitrate reductase, have
also been studied for protein expression. In this case, the promoter activity is suppressed
with the presence of ammonium in the medium and activated when ammonium is replaced
by nitrate [55].

As well as the promoters, UTRs (untranslated regions) have been recognized as crucial
factors for the heterologous gene expression in the C. reinhardtii chloroplast. There are some
commonly used UTRs, such as atpA, rbcL, and psbD [56—61]. Still, the most successful
one is the psbA UTR in combination with the psbA promoter [62], which resulted in
5% of heterologous M-SAA (Mammary-Associated Serum Amyloid) from total protein
accumulation, as shown in Table 1.

In addition to the genetic machinery strategy, a chemical approach was also attempted
as an alternative for heterologous protein folding. Increasing concentrations of the dise-
lenide selenocystamine were added to C. reinhardtii cultivation medium and, when com-
paring the accumulation of three different proteins expressed in the chloroplast, the ones
containing disulfide bonds resulted in significant accumulation increases when compared
to the protein without disulfide bonds. These experiments suggest that the disulfide bond
formation could be a rate-limiting step for protein accumulation [63].

Table 1. Summary of biomolecules expressed in Chlamydomonas reinhardtii, its genetically transformed
organelle, expression percentage (%) from total soluble protein, concentration in milligrams per liter
(mg/L), and the cloning vector.

. *** (%) from Total Expression
Heterologous Protein Soluble Protein (mg/L) Vector

14FN3 (fourteenth human fibronectin type 3 UN * psbA/D1-deficient strain
III domain) (ch) ** (Rasala et al., 2010) [43]

VEGF (human vascular endothelial growth ’ UN * psbA/D1-deficient strain
factor) (ch) ** (Rasala et al., 2010) [43]

HMGBI (high mobility group protein B1) 25 UN * psbA/D1-deficient strain
(ch) ** ’ (Rasala et al., 2010) [43]

psbH insertion site/pSRSap

Endolysins—Pal and Cpl1 1 13 dr;;gvi%i;fklctell vector/psaA promoter

(Stoffels et al., 2017) [64]

Growth Hormone

psbH insertion site/pASapl
UN * 0.5 vector/psaA and atpA promoter
(Wannathong et al., 2016) [65]

D2 fibronectin-binding domain of
Staphylococcus aureus fused with the cholera 0.7
toxin B subunit (CTB)

tscA insertion site/p463 and p464
1.6 mg/g of cell vectors/rbcL and atpA
dry weight promoters(Dreesen, Hamri and
Fussenegger 2010) [66]
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Table 1. Cont.

. *** (%) from Total Expression
Heterologous Protein Soluble Protein (mg/L) Vector
14FN3 (fourteenth human fibronectin type 021 0.04 16S atpA/photosynthetic strain
III domain) (ch) ** ’ ’ (Rasala et al., 2010) [43]
Ble 2A expression system
% *
Xylanase (nu) 025 UN (Rasala et al., 2012) [67]
. s g " psbA/D1-deficient strain
Immunotoxin («CD22HCH23PE40) (ch) 0.2-0.3 UN (Tran et al., 2013) [42]
CD22 (Single chain antibody (scFv) o .
directed against the CD22 cell surface 0.6-0.7 UN * psbA/DI1-deficient strain
. " (Tran et al., 2013) [42]
antigen) (ch)
CDZZGel (CDZZ-SCFV .gene.tlca!ly hnked. to . psbA /Dl-deficient strain
gelonin, a ribosome-inactivating protein 0.2-0.3 UN (Tran et al., 2013) [42]
from G. multiflorum) (ch) ** i
CD22CH23Gel (CD22-scFv genetically
fused to the hinge and constant domains of 01-02 UN * psbA/D1-deficient strain
an IgG1 and to gelonin to create a chimeric o (Tran et al., 2013) [42]
protein homodimer) (ch) **
M-SAA (bovine mammary-associated 5 UN * psbA/D1-deficient strain
serum amyloid) (ch) ** (Manuell et al., 2007) [62]
. - g psbA/D1-deficient strain
Immunotoxin («xCD22HCH23PE40) (ch) 3.04.0 0.3-0.4 (Manuell et al., 2007) [62]
CtxB-Pfs25 [a chimeric protein consisting
of the 25-kDa Plasmodium falciparum surface 0.09 UN * psbA/D1-deficient strain
protein (Pfs25) fused to the subunit of the ’ (Gregory et al., 2013) [54]
cholera toxin (CtxB)] (ch) **

PFs25 (25-kDa Plasmodium falciparum 05 125 psbA/D1-deficient strain

surface protein) (ch) ** ’ (Gregory et al., 2013) [54]

PFs28 (28-kDa Plasmodium falciparum 02 50 psbA /D1-deficient strain

surface protein) (ch) ** ’ (Gregory et al., 2012) [68]
NCQ synthetic protein containing bioactive
peptides that present different activities tscA insertion site/rbcL or atpA
(antihypertensive, antioxidant, 0.16-2.4 UN * promoters
antimicrobial, opioid, and (Campos-Quevedo et al., 2013) [60]
hypocholesterolemic) (ch) **
psbA exon V—5s rRNA intergenic
Human glutamic acid decarboxylase 65 0.25-03 UN * region/pXW-GAD-His vector/rbcL
(Hgad65) (ch) ** ’ ’ promoter
(Wang et al., 2008) [59]

A fusion protein comprising foot and chlL insertion site/pACTBVP1
mouth disease virus VP1 protein and the 34 R4 ¥ vector/atpA promoter
cholera toxin B subunit (CTBVP1) (ch) ** (Sun et al., 2003) [56]

A f1.151or1 pr(.)telr} COMPIISING the D2 tscA insertion site/rbcL promoter
fibronectin binding domain of .
. 0.7 260 (Dreesen, Hamri and
staphylococcus aureus and cholera toxin B Fussenegger 2010) [66]
subunit (CTBD2) (ch) ** &8
. . . chlL insertion site/p64E2
Structural protein E2 from classical swine 1.5-2.0 UN * vector/atpA promoter

fever virus (ch) **

(He et al., 2007) [58]
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Table 1. Cont.

. *** (%) from Total Expression
Heterologous Protein Soluble Protein (mg/L) Vector
random insertion site/Expression
cassette in the plasmid
The human gene for erythropoietin (nu) ** UN * 0.1 pEPO6/HSP70A /RBCS2 tandem
promoter
(Eichler-Stahlberg et al., 2009) [47]
HSV8-1sc and HSV8-scFv, a human IgA s et A TISVE/ o oAor
anti-herpesmonoclonal, large single-chain 05 UN * P tbel, promoters P
(Lsc) antibody and a single-chain fragment ’ (Mayfiel dp Frankli d
variable (scFv)antibody (ch) ** ayheld, fran< i, an
Lerner 2003) [69]
Human tumor necrosis factor-related . chiL insertion site/p64TRAIL
apoptosis-inducing ligand (TRAIL) (ch) ** 0.43-0.67 UN vector/atpA promoter
pop (Yang et al., 2006) [57]
Full-length IgG1 human monoclonal 100 ug of

antibody (mAb) against anthrax protective
antigen 83 (PA83); potentially blocks the
effects of anthrax toxin (ch) **

psbA /D1-deficient strain
(Tran et al., 2009) [41]

purified protein
per 1 gofdry
algal biomass

UN *

White spot syndrome virus VP28 protein

psbA and upstream of 16S insertion

0.2 to 20.9% total cellular sites/pBA155 or pSR229

UN *

(ch) ** protein (0.1 to 10.5%TSP) vectors/psbA and atpA promoters
(Surzycki et al., 2009) [70]
P. falciparum surface protein Pfs48/45 UN * UN * psbA /D1 deficient strain
C-terminal domain (ch) ** (Jones et al., 2013) [53]
Human Papillomavirus type 16 E7 protein, " Insertion site/pCG2 vector/psbD
attenuated mutant (E7GGG) (ch) ** 0.12 UN promoter
(Demurtas et al., 2013) [61]
. . e . Random insertion site/HbcAgl
Angotensin Il fused to Hepatitis B virus 0.05 UN * vector cassette/CaMV 35S promoter

capsid antigen (HbcAg) (nu) **

(Soria-Guerra et al., 2014) [71]

**** Result assuming that one gram of cell per liter is produced; *** Expression (%) from total soluble protein;
** Organelle Expression (ch) ** = Chloroplast; (nu) ** = Nucleus; * Uninformed = UN *.

4. Heterologous Protein Expression Systems

Using living organisms in bioprocesses for obtaining products is an important section
of the current economy, moving €2 trillion and employing more than 22 million people in
2015 in Europe [72]. In the United States alone, the bioeconomy handled USD 369 billion
and 4 million direct jobs in 2013, with around 2% annual job growth [73]. In this context, the
microalgal bioeconomy represents a steadily growing market, seizing in 1999 an estimated
1000 tons of dry weight production, and a 500% increase in production over the next
five years, reaching a market value of €1 billion. In 2011, the global microalgae market
increased to €2.4 billion, producing 9000 tons of dry weight. However, compared to some
commodities, such as wheat, the production of microalgae represents only 0.001% by
weight. In addition, despite its possible application in other niches, more than 75% of the
production volume of microalgae-based products is directed toward the market of healthy
foods, such as food supplements [74].

The literature has well-established platforms to produce therapeutic proteins such as
those in bacteria, yeast, plants, transgenic animals, mammary cells, and microalgae [9,75,76].
All of these platforms have established and efficient transformation techniques.

As described in this review, microalgae have various technical choices: electroporation,
biolistic, agrobacterium, and glass beads. However, not all of these simple techniques
are used on other platforms. In addition, while the microalgae can be transformed in the
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nucleus, chloroplast, or mitochondria, some other platforms can be transformed only in the
nucleus. The transformation techniques and possible insertion regions for each platform
are described in Figure 1.

’ A
A
> - e ——
= Transgenic
Yeast animal
(] G
Recombinant
DNA
/ “I‘ Il \.
Bacteria L ‘
\
Mammalian
cell

Microalga

Recombinant Protein

Expression Site

(&) Nucleus/Nucleoid Chloroplast  (©) Mitochondria

Figure 1. The main platforms used for the therapeutic proteins” expression. Numbers 1 to 4 indicate
the possible genetic transformation method used on each platform, all of which are also used on
Chlamydomonas reinhardtii. Letters A to C indicate the organelles that can be genetically modified on
each platform, which is also possible on microalgae.

Bacteria and yeasts are traditional and successful systems that are frequently used [77,78].
They present advantages such as well-characterized and easy-to-manipulate genomes,
as well as simple and inexpensive cultivation, compared to mammalian cells. Bacteria,
however, present some disadvantages, such as the absence of protein post-translational
modifications such as glycosylation, among other modifications necessary for the assembly
of more complex proteins [79].

Yeasts can perform these modifications because they contain the eukaryotic organism
machinery [80]. However, these systems generally produce hyperglycosylated proteins that
can generate an immune response in the treated organisms and, consequently, have low or
no therapeutic activity [81]. To overcome these problems, mammalian, plant, and insect
cells have been studied and applied for the approved therapeutic protein production [82].

Although mammalian cells are a good expression platform to produce complex het-
erologous proteins, their necessary culture media are expensive, the cultures are prone to
contamination, and the cells are susceptible to shear stress [83]. Insect cells are somewhat
more tolerant to osmotic changes than mammalian cells, and they express high yields of
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recombinant proteins ranging from 0.1 to 50% of total proteins. However, they demand
complex nutrients for cultivation, and the cultures are easily contaminated, usually due to
infections caused by Baculovirus [83].

N-glycosylation is one of the most important post-translational modifications in the
maturation process of proteins in eukaryotes systems. These modifications occur in the
endoplasmic reticulum (ER) and the Golgi complex. This process is similar in animals,
insects, or plants. N-glycosylation is required for some proteins because it influences
their stability, solubility, folding and biological activity. A modification in the structure
of a glycan could generate changes in the activity or the lifetime of the heterologous
glycoprotein compared to the native one [84,85].

Proteins” N-glycosylation differs in animals and plants. This post-translational modifi-
cation in plant proteins begins in the ER. The first modification consists of the transference
of an oligosaccharide precursor at the amino-terminal end of an asparagine residue con-
stituted of glucose, mannose, and N-acetylglucosamine (Glc3Man9GlcNAc2). In humans,
the presence of (3-terminal (1, 4) and sialic acid terminal galactose glycoproteins residues
is typical. Diversely, plant recombinant proteins have {3 (1, 2)-xylose and « (1, 3)-fucose
residues. Thus, the process of humanizing glycoproteins expressed in plants requires
the elimination or prevention of the fucose, xylose residues, and galactose and sialic acid
addition [84,86].

In C. reinhardtii, glycoproteins found in the chloroplast contain « (1, 3)-fucose and
B (1, 2)-xylose residues, which indicates that these proteins perform complex N-glycan
reactions. The reactions occur by the action of fucosyltransferases and xylosyltransferases
localized in the Golgi. It appears that glycoproteins in Chlamydomonas are transported to the
chloroplast through the endomembrane system as it occurs in Arabidopsis [86]. Subsequent
in silico analysis of C. reinhardtii revealed the presence of x-Mannosidase I, x—Mannosidase
II, B (1, 2)—xylosiltransferase, o (1, 3)—fucosyltransferase and an o(1,6)-fucosyltransferase.
An absence of orthologous sequences of N-acetylglucosaminyltransferase (GnT) suggests
that the N-glycan process is more straightforward in C. reinhardtii when compared with
other organisms [86]. The fucose residues attached to the N-glycan via an « (1, 3)- linkage,
together with the absence of an orthologous sequence of GnT I in strains of the C. reinhardtii
genome, suggested the existence of a fucosylation pathway independent of GnT I. This
pathway has been previously described in the nematode Caenorhabditis elegans [86].

As photosynthetic organisms, plants were used as a vaccine production platform. In
2005, the World Health Organization (WHO) concluded that the current vaccine devel-
opment and evaluation guidelines could be applied to plants. However, badly reported
incidents such as those with Prodigene Corp. in 2009 began to cause public concern. The
US Department of Agriculture fined the company and forced several products designed for
oral vaccines to be discarded [87]. In addition, plant-made vaccines can be risky to human
health because they can cause oral tolerance, allergenicity, inconsistent dosage, worker ex-
posure, and accidental exposure to antigens. Even if these risks are controllable [88], those
facts generate a need for vaccine standardization and processing to ensure non-toxicity,
stability, and antigen content, resulting in additional cost and time for these products’
commercialization [87]. Although the panorama is not very promising, new technologies,
such as using C. reinhardtii for vaccine production, are emerging. When compared to plants,
transformed microalgae lineages are very stable, easier, and faster to obtain; there is much
less risk of gene flow, as it is already reported for a variety of plant crops [89]. Microalgae
can be grown in closed photobioreactors, reducing the risk of predator or pathogen attack.
The purification process is potentially more straightforward since the biomass volume is
lower and it is compressed of only one cell type [90].

Besides, C. reinhardtii, similar to other microalgae, does not need arable soil because it
grows in liquid media, it grows at a higher rate with a generation time of approximately
8 h, and the heterologous protein expression can be achieved in a few weeks. When
comparing the purification process, plants offer more difficult purification processes than
C. reinhardtii [55]. Because it is a eukaryotic system, C. reinhardtii can produce heterologous
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proteins that require post-translational modifications, such as disulfide bond formation
and some glycosylation. Also, being part of the green algae group, it is generally regarded
as safe (GRAS).

Many obstacles still need to be overcome to increase the expression levels of heterologous
proteins in microalgae as the expression platform. Chlamydomonas reinhardtii is the chosen
expression system because of all the advantages previously described. However, since expres-
sion levels are low, genetic engineering development has been done to improve and generate,
for example, fully functional recombinant proteins, including antibodies, at economically
viable levels [41,91,92]. The expression system choice depends on the advantages related
to the system production cost (culture media, bioreactor, process time, man labor), possible
problems of culture contamination, and the protein of interest yield and complexity, when
compared to the other existing platforms. In this sense, Arias et al. [22] evaluated the semicon-
tinuous cultivation process for increasing the heterologous mCherry protein productivity by
Chlamydomonas reinhardtii, employing a bubble column photobioreactor.

It is essential to notice that the expression of the recombinant protein may also be
affected by regulatory mechanisms such as protein synthesis rates or the mechanisms
of degradation. In bacteria, proteases are required to cleave and degrade abnormal pro-
teins [93], which is an obstacle when using this system for recombinant protein expression.
The concern is the same as in photosynthetic microorganisms, since the protease activ-
ity was shown to degrade truncated D1 protein in the chloroplast and inhibit vaccine
expression in microalgae [94].

5. Chlamydomonas reinhardtii Potential for Pharmaceutical Proteins Biotechnology

More than 20 therapeutic proteins have been successfully expressed in microalgae,
mainly in C. reinhardtii, which has been shown as a versatile expression platform. In a study
conducted in 2010, this microalga was investigated for the chloroplast expression of seven
recombinant human proteins, including human erythropoietin, human fibronectin, human
interferon B1, human proinsulin, endothelial growth factor (VEGF), and the B1 mobility
protein (HMGB1). The mRNA expression levels were compared for each protein. It was
observed that at least five of the seven proteins were detected through Western blotting,
and VEGF and HMGB], respectively, accumulated up to 3% and 2.5% of total soluble
protein [43]. Various biomolecules have been expressed in C. reinhardtii: antimicrobial,
nutraceutical, growth hormone, and industrial enzyme [43,64,65]. Even though these are all
commercially attractive biomolecules, C. reinhardtii presents emerging characteristics that
make this organism unique as a heterologous expression platform. Its chloroplast has been
shown as an excellent environment for producing immunotoxins, vaccines, and antibodies
that are difficult to make in other systems [68,69].

Immunotoxins are antibodies that can be genetically or chemically fused to eukaryotic
active toxins. These chimeric molecules deliver the toxin to targeted cancer cells, initiating
apoptosis. The genetically fused immunotoxins cannot be produced and accumulate in
traditional eukaryotic systems such as CHO cells, yeasts, or insect cells, and the toxin
would then inhibit these cells” proliferation. Interestingly, algae the chloroplast, due to its
prokaryotic origin and the presence of nuclear-imported proteins, is capable of handling
complex protein expression, such as the expression of immunotoxins, without deleterious
effects, owed to the toxin portion of the protein [42].

Table 1 presents many biomolecules that have been successfully expressed in Chlamy-
domonas reinhardtii. The current data in this table show that the psbA promoter is widely
used for this microalgae chloroplast transformation. This promoter is a powerful pho-
toinhibitor since it inhibits the production of the D1 protein essential to the photosystem
I activity. The highest heterologous protein expression was 20.9% of the total protein
percentage [70], but it is relevant to note that the expression average is 2.1% (Table 1). On
the other hand, the lowest expression was 0.05% when the CaMV35S promoter was used
for the expression of Angiotensin II fused to Hepatitis B virus capsid antigen (HBcAg) [71],
followed by Gregory et al., 2013 [54] and Tran et al., 2013 [42] (Table 1), who expressed,
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respectively, CtxB-Pfs25 (0.09%) and CD22CH23Gel (0.1-0.2%), which are both heterolo-
gous genes driven by psbA promoter. It is important to note that most of the proteins were
cloned in the chloroplast, and only three were in the nucleus.

A large single-chain antibody (Isc) directed against a glycoprotein of the herpes simplex
virus D (HSV8) was expressed with the promoters atpA and rbcL in the chloroplast [69].
In this plastid, the lsc antibody forms disulfide bonds, and even though it contains no
apparent posttranslational modifications, it was demonstrated by ELISA assays that it
binds to herpes simplex virus D (HSVS) [69].

The C. reinhardtii chloroplast is an excellent alternative for producing recombinant
proteins for vaccines (Table 1). It was observed that rats fed for five weeks with the
transformed microalgae expressing D2 protein, a binding domain of Staphylococcus aureus
fibronectin, fused with cholera toxin B promoted 80% protection in mice against infection.
Some studies performed with other molecules have presented satisfactory results. However,
they still need more investigations to be used with humans [66].

In addition to the lower protein expression in the C. reinhardtii nucleus, some biomolecules
were demonstrated to accumulate and be active. One is erythropoietin, a small hormone
exhibiting two disulfide bonds and specific N- and O-glycosylation at four positions in its
mature form. To be successfully expressed, the human gene encoding for the erythropoietin
protein was artificially divided into two exons and adapted to the nuclear codon usage of
C. reinhardtii and to being secreted into the culture medium (Table 1) [47].

Another protein expressed in the nucleus was produced by Rasala et al. [67]. They
demonstrated that strains of C. reinhardtii transformed with ble-2A-GFP were resistant
to zeocin and accumulated high levels of cytosolic monomeric GFP, which was detected
by fluorescence analysis. This ble-2A vector was used to express a gene encoding for the
industrial enzyme xylanase that resulted in a significant increase (about 100-fold) in this
enzyme activity.

Table 1 gathers great information on C. reinhardtii as a potential platform for heterol-
ogous protein expression, including expression and soluble protein percentage, as well
as vectors and insertion sites. As mentioned before, Chlamydomonas reinhardtii is a model
organism for many studies on cell physiology, biochemistry, genetics, and cell biology. Still,
it has yet to be a ready platform for heterologous proteins. There is still research to be
developed tackling different vectors and involved proteins to reach an optimal desired
strain able to express higher levels on this cheap and sustainable platform.

6. Conclusions

From food to medicine, living organisms are valuable sources of current challenges.
Microalgae have shown to be promising in this field due to the various transformation
techniques that can be applied and the different genomes that can be transformed. Most
of the studies targeted Chlamydomonas reinhardtii as the model organism for its ease of
cultivation and genetic manipulation. Regarding the production of the therapeutic protein,
both the nucleus and the chloroplast showed their abilities in the studies discussed. Despite
the advantages, when compared to other platforms, the microalgae’s main challenge to
be overcome is their low protein production yield, which in a not distant future can
be approached through scale-up using bioreactors and process optimization, improving
genetic engineering to increase protein production.
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