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Abstract

Green algae, Chlamydomonas reinhardtii, with low cultivation cost, absence of endotoxins and insusceptibility to
human pathogens is emerging as a potential system for the future production of recombinant proteins. The recent
development of molecular tools enabling recombinant protein expression in algae chloroplast has provided new
research and advance opportunities for developing low-cost therapeutic proteins. In the present study, algae chlo-
roplast expression system was evaluated for the recombinant production of an anti-cancerous therapeutic protein,
Interleukin 29 (/L29). The /.29 gene was cloned into algae chloroplast expression vector (pSRSapl). After the trans-
formation, the positive clones were screened for homoplasmy and the presence of the /.29 gene by spot test and
PCR analysis, respectively. The expressed SDS-PAGE and western blotting assay characterized IL-29. The algae expressed
IL-29 was biologically active in an anti-proliferating bioassay using HepG2 cells. The results suggest that the Chla-
mydomonas reinhardtii expression system is convenient, low-cost, eco-friendly, and safe to express /L.29.

Key points

+ The IL29 gene cloning in pSRSapl.
« IL-29 found as biologically active.
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Introduction

The world of science and industry has been revolution-
ized with recombinant protein production. Microbes
are the major hub to produce the majority of recombi-
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various therapeutic proteins. Molecular farming offers
various advantages, including low production cost, path-
ogen and toxin-free protein production, ease of cultur-
ing, harvesting and purification, and high quality and
bioactive protein (proper protein folding and glycosyla-
tion) (Ganapathy 2016; Gecchele et al. 2015; Shamriz and
Ofoghi 2016). Despite having some advantages, it pos-
sesses some disadvantages like production takes much
time as it depends on plant growth (Giritch et al. 2006),
gene flow from crop to crop is another major concern
(Ellstrand 2001), the downstream processing is much
more expensive, and in most cases, it reduces quality and
yield of recombinant protein (Kong et al. 2001). In such
a situation, microalgae is a quite appealing substitute for
molecular farming for producing therapeutic proteins
(Mathieu-Rivet et al. 2014).

Microalgae belong to a polyphyletic group of photo-
synthetic eukaryotic organisms that can survive in pho-
tosynthetic, heterotrophic and mixotrophic regimes in
terrestrial and aquatic environments (Scaife et al. 2015).
Microalgae have become a great source of interest in pro-
ducing various recombinant proteins and metabolites.
Various molecular biology tools have been designed for
proficient genetic engineering and microalgae system
modifications in the recent era. Progress in this field has
been made by using Chlamydomonas reinhardtii as a
model organism specifically because of its simple repro-
duction cycle, culturing conveniences and well-known
genetics (Shamriz and Ofoghi 2016).

A unicellular, biflagellate green algae Chlamydomonas
reinhardtii found in freshwater almost worldwide (Khan
et al. 2020). The C. reinhardtii system is being used as a
model organism because of its various significant attrib-
utes; (1) Short reproduction, cultivation and harvesting
time and scale-up production period of recombinant
proteins is short as compared to transgenic plants and
animals (Mayfield et al. 2007), (2) Post-translational
modifications, (3) Ease of transformation (mitochon-
drial, nuclear and chloroplast), (4) It can grow under
both phototrophic and heterotrophic habitat in outdoors
and bioreactors respectively, (5) For the genetic modifi-
cations of the cell, a vast range of promoters and mark-
ers are accessible and (as GRAS by FDA so that it can be
administered orally (in case of vaccines) or as an enriched
feed (Purton et al. 2013; Shamriz and Ofoghi 2016). The
nuclear and chloroplast transformation are mostly used
for genetic manipulation. Still, chloroplast transforma-
tion is more widely used as compared to nuclear because
of its disadvantages, such as random gene integration,
silencing of transgene, and epigenetic and positional
effects which eventually causes low yield of recombinant
protein (Rasala and Mayfield 2011; Specht 2014; Doron
et al. 2016). Comparatively, site-directed gene integration
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(homologous recombination), disulfide bond formation,
no chance of gene silencing and robust expression are the
advantages of chloroplast transformation. The only limi-
tation is that it does not provide desirable glycosylation,
making it best for producing proteins with minimal or no
glycosylation (Almaraz-Delgado et al. 2014; Ledn et al.
2008; Mayfield et al. 2007). Furthermore, the possibilities
of proteolytic cleavage are quite low, and the chloroplast
attains 40% of the total cell mass, making genetic engi-
neering easier (Mayfield et al. 2007).

Human interleukin-29 (IL29), also known as IFNA1
has antiproliferative, immunomodulatory and antiviral
effects that play an important role in adaptive and innate
immunity. IL29 genes induce the production of MHC
class I molecules that help to present antigens on the cel-
lular surface of infected cells, which is an essential part of
adaptive immunity. IL29 was expressed previously in the
expression system of E. coli and Iranian Lizard Leishma-
nia. All of these systems are cost-ineffective, and purifica-
tion steps are complicated except for E. coli, which has
the drawback that it lacks post-translational modifica-
tions. So, the present study was carried out for the first
time to evaluate the potential of Chlamydomonas rein-
hardtii to produce IL29. A cell wall deficient wild-type
strain cc-5168 or TN72 (cwl5, ApsbH, SpecR) of Chla-
mydomonas reinhardtii has been used in the current
study. This wild-type strain is PSII-deficient (i.e. acetate-
dependent) and spectinomycin-resistant (due to the pres-
ence of aadA cassette). TN72 is used as a recipient strain
for chloroplast transformation with the Purton lab’s
pSRSapl expression vector. After expression and protein
extraction, the anticancer potential of purified IL29 was
determined utilizing a cell viability assay. Production of
biologically active protein (IL29) demonstrates that algal
chloroplast can be used to produce recombinant human
interleukin-29 for therapeutic purposes.

Materials and methods

Culture conditions for Chlamydomonas reinhardtii

The chloroplast transformation was done using the cell
wall deficient strain of Chlamydomonas reinhardtii
named CC-5168 (TN72) obtained from Chlamydomonas
Resource Centre (http://www.chlamycollection.org).
Spectinomycin was used for the selection of the strain.
The algal strains were maintained and grown on Tris—
acetate phosphate medium (TAP) (1 M Tris, TAP salts,
phosphate buffer, acetic acid, hunter trace elements and
d.H,0) using 30 pmol photons m~ s™! light intensity and
25 °C temperature. High salt minimal (HSM) medium
(Beijernick salts, phosphate buffer, hunter trace elements
and d.H,0) was used for transformation and homo-
plasmy achievement. The broth cultures were grown
with continuous shaking at 100 rpm for 4-5 days at 25 °C
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in a continuous light period having 30 pumol photons
m~2 s7! light intensity (Charoonnart et al. 2019; Braun-
Galleani et al. 2015).

Plasmid construction

The gene sequence of the human IL29 (IFNA1) was
obtained from NCBI (Gene ID: 282618). Restriction
sites Sapl and Sphl were added in the 5’ and 3’ ends of
the gene sequence to facilitate cloning in the expres-
sion vector of Chlamydomonas reinhardtii pSRSapl. The
gene sequence with added restriction sites was provided
to the gene synthesis company (Molecular products and
Co. MPC, Pakistan), which provided us with the synthe-
sized gene (IL29) in pet28. The gene was amplified using
IL29 specified primers (forward primer: 5-GCT CTT
CAA TGG GTC CGG TG-3' and reverse primer 5'-GCA
TGC TTT AGG TAG ATT CCG GGT G-3'). The ampli-
fied PCR product was purified using a quick gel extrac-
tion kit (Invitrogen Cat no: K210025), digested with Sapl
and Sphl enzymes and then ligated into a linearized pSR-
SapI vector which was also digested through Sapl and
Sphl enzymes. The detailed structure of pSRSapl expres-
sion vector was previously described (Wannathong et al.
2016). The algal transgenic lines of Chlamydomonas rein-
hardtii were selected on ampicillin based on the presence
of a psbH marker.

Transformation of Chlamydomonas reinhardtii

The transformation of wild-type C. reinhardtii (cc5168)
was done using the previously described method (Kindle
et al. 1991). A 200 mL culture of wild-type cc5168 was
used for chloroplast transformation, which was grown
to the early log phase (2 x 10° cells/mL). The cells were
concentrated by centrifugation, and the final pellet was
suspended in a 2 mL TAP medium. In a reaction tube,
300 pL cells, 300 mg sterile glass beads (400-625 nm
diameter) and 5-10 pg plasmid DNA were agitated at
high speed for 15 s on vortex. After agitation, 500 pL 0.5%
molten HSM agar (42 °C) was added, mixed and spread
on 1.5% HSM agar plates. The plates were incubated in
the dark (~2 pE/m?/s light intensity) overnight at 25 °C
and then on moderate light (~50 pE/m?%/s light inten-
sity) after 24 h. Transformed colonies were obtained after
2-3 weeks and repeatedly restreaked to obtain a pure
transformant line. Homoplasmicity was checked through
spot test and PCR using specific primers (Table 1). The
genomic DNA from the algal strains was isolated using
Scott Newman’s protocol (Newman et al. 1990), and PCR
was done with homoplasmy checking specific primers
and gene-specific primers.
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Table 1 Primers used for confirmation of homoplasmy

Primers Sequences

F1 GTCATTGCGAAAATACTGGTGC
R1 CGGATGTAACTCAATCGGTAG
R2 ACGTCCACAGGCGTCGTAAGC

Protein extraction

Protein from the C. reinhardtii transformants and wt.
cc5168 was extracted from a 100 mL culture which was
allowed to manipulate at 25 °C for 3—4 days under con-
stant moderate light (~50 WE/m?/s) up to the mid-log
phase (2 x 10° cells/mL). 1 mL culture was piped out in
a spectrophotometer cuvette, and cell density was meas-
ured at 750 nm using a spectrophotometer. 10 mL culture
was centrifuged in a 20 mL centrifuge tube at 5000 rpm
for 5 min, after which the supernatant was completely
aspirant off. Solution A (0.2 M Sorbitol, 0.8 M Tris—Cl,
and 1% beta-mercaptoethanol), Y/2 mL, was used for
resuspension, where Y stands for optical density meas-
ured at 750 nm (Braun Galleani 2014). This ensures that
all samples are at the same concentration. Protein was
transferred into 1.5 mL microcentrifuge tubes and stored
immediately at — 20 °C for short-term use.

Protein quantification

The total soluble protein extracted from the samples was
quantified using the standard Bradford assay protocol.
Quick Start ' Bradford Protein Assay Instruction Man-
ual was followed for microplate assay. The protein from
transformants and wild-type strains was quantified.

SDS-PAGE and western blot analysis of extracted protein

Fifty microliter sample was mixed with 5.5 uL. 10%SDS,
boiled for 5 min at 99 °C and centrifuged at 15,000g for
5 min. The supernatant was used for SDS-PAGE analysis
(Braun Galleani 2014). Protein samples were fractioned
on 12% acrylamide SDS-PAGE gel and then blotted onto
a nitrocellulose membrane. For immunodetection, mem-
brane blocking was done by overnight incubation at 4 °C
in 0.5% skim milk powder dissolved in TBS-T (20 mM
Tris, 137 mM NaCl, 1 M HCI pH 7.4, 0.1% Tween-20).
After blocking, the membrane was incubated for 1 h at
room temperature (RT) in 1:5000 diluted IL-28/29 mouse
monoclonal antibody (H-1) (Santa Cruz sc-365834), dis-
solved in 0.5% skim milk powder in 1X TBS-T, washed
3 times for 5 min in 1X TBS-T and then incubated in
1:10,000 diluted goat anti-mouse IgG-AP secondary anti-
body (Santa Cruz sc-2008) in 1X TBS-T for 1 h at room
temperature. Washing was done again the same as before,
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and the IL29 gene was visualized by adding NBT/BCIP,
tablet solution (1 tablet in 10 mL distilled water) (Young
and Purton 2014).

Cell viability assay

MTT assay was performed to investigate the anticancer
activity of recombinant IL29 total soluble protein. Briefly,
2 x 10* HepG2 cells were seeded in a 96-well plate, and
cultured in high glucose DMEM supplemented with
10% FBS and 1% penicillin-streptomycin at 5% CO,
and 37 °C. After monolayer formation, the medium was
refreshed, and the cells were treated with purified recom-
binant IL29 at concentrations of 100 pg/mL and 200 pg/
mL. After 24 h, the old media was discarded, and the cells
were incubated with 100 pL medium and 20 pL MTT
solution (5 mg/mL) for 3 h at 37 °C in 5% CO,. Later, the
media was discarded, and 100 puL of DMSO was added to
each well to dissolve the formazan crystals. The experi-
ment was carried out in triplicates, and absorbance
was measured at test wavelength 570 nm and reference
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wavelength 620 nm using a microplate reader (BMG
Labtech, Germany).

Statistical analysis

MTT assay was performed in technical triplicates (n=3),
and one-way ANOVA was performed with a significance
level of p <0.05. GraphPad prism v.6.00 (GraphPad Soft-
ware, San Diego, California, USA) was used for statistical
analysis. The data were expressed as the standard devia-
tion of the mean.

Results

Construction of plasmid with IL29 gene

IL29 gene was ligated into pSRSapl expression vector,
and recombinant plasmid pSRSapl-IL29 (Fig. la) was
transformed into E. coli TOP10’ strain. After selecting
recombinant strains, recombinant plasmid DNA was iso-
lated from bacterial cells, and PCR was performed using
the gene-specific primers that showed the presence of
IL29 (Fig. 1b).

(a)
SRSapl
1229 pISap
o <= =y —|
trnE?2 f f psbH psbN
psaA-exonl 3’ UTR rbcL
5’UTR

(b)

500bp
Ladder

564bp
amplified
product

Fig. 1 Generation and confirmation of /L29 transformants. a The pSRSapl-IL29 plasmid contains /L29 under the control of the psaA exon-1
promoter/5’UTR and rbcl 3'UTR. This construct comprises psbH mutated in the TN72 strain of Chlamydomonas reinhardtii. b PCR confirmation of
IL29 integration in pSRSapl expression vector through gene-specific primers. Transformants yield the 564 bp product
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Transformation of the recombinant plasmid into C.
reinhardtii

The recombinant construct pSRSapl-IL29 was trans-
formed into a cell wall deficient strain of Chlamydomonas
reinhardtii 'TN72 (cc5168). Transformation of the
algal cells was done by the agitation method. Trans-
formants were allowed to grow on HSM agar plates for
2-3 weeks and further streaked to get the homoplasmic
lines (Fig. 2). Furthermore, homoplasmy was confirmed
through PCR using homoplasmy-specific primers F1 and
R1 (Fig. 3a). Spot test was also performed on the selected
transformants T1 and T2 to confirm the homoplasmy
(Fig. 3b).
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Protein analysis through SDS-PAGE and western blotting

The expression of IL29 in algal cells was studied through
protein analysis. Protein was isolated from the algal cells,
quantified through Bradford assay, and SDS-PAGE was
run to check the expression of a protein. The protein
quantification showed 2.79 mg/mL of TSP of T1 and T2
and 2.18 mg/mL of wild-type TSP. The study was done
through both Coomassie Blue staining and silver stain-
ing. Two strains labeled T1 and T2 were selected for pro-
tein analysis. TN72 (wilt type) was run as a control for
the evaluation. The protein extracted and analyzed on
SDS-PAGE was in crude form. 25 pL and 30 pL of T1
and T2 were loaded along with 25 puL of TN72. The result

pSRSapl
IL29
P < -p—|
trnE2 f f psbH psbN
psaA-exonl 3’ UTR rbcL
5'UTR
Mlul BstX1
l
- - —m J L - — -
7 |
7 I
Pad TN72 plastome
. dA '
0.88kb - - ' (PSII; spc)
+ ________ +
F1 R1
F1 1.42kb R2
+ ________ +

Transformant plastome
(PSII* ; spc®)

Fig. 2 Mechanism of homoplasmy; Integration of /.29 and loss of aadA cassette in plastome of TN72 occurs by two homologous recombination

events
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(b)
TN72 -PSII .
-
+Acetate No Acetate
+Spc!® No Spc
Transformants +PSII .
>
+Acetate No Acetate
+Spc!® No Spc

Fig. 3 Confirmation of homoplasmy by PCR and spot test. a The original strain of Chlamydomonas reinhardtii TN72 gives a product of 0.88 kb

with F1 and R1 primers, while the transformants yield a product of 1.2 kb with some non-specific amplifications. The presence of a 1.2 kb band
instead of a 0.88 kb band confirms that all transformants are homoplasmic. b Spot test shows that the original strain of TN72 grows in the presence
of spectinomycin (spec) as it consists of spec resistant cassette (upper panel), which is lost after transformation due to which homoplasmic
transformants cannot manifest phototrophic growth in the presence of spectinomycin (lower panel).+ PSII; the presence of photosystem I, -PSI;

absence of photosystem |l

M TI T2 Wt

~70 ——
~55 ——
~40 ——
~35 ——
~25 —— oo
21KDa _|—» S8 SN
Protein 5
~15 —— o8
Fig. 4 Western blot analysis of extracted crude protein. Lane!:

Thermofisher prestained protein ladder (cat no: 26617). Lane 2 and
lane 3: protein samples T1 and T2. Lane 4: wild type TN72

showed the presence of a 21 kDa protein band. Extracted
crude protein was confirmed with western blot analysis
using a gene-specific primary antibody and AP (Alkaline
phosphatase) conjugated secondary antibody. The result
showed the presence of a specific protein in the sample
(Fig. 4).

Inhibition of HepG2 cells growth by IL29
To evaluate the effect of IL29 on HepG2 cells, cell sur-
vival was detected by MTT assay. HepG2 cells were

150+

100+

Cell viability (%)
a
<

Protein concentration (ug/ml)

Fig. 5 Percentage viability of HepG2 cells at 100 ug/mL and 200 pg/
mL dose concentrations of purified recombinant /L29 protein

treated with 100 pg/mL and 200 pg/mL for 24 h. As
shown in Fig. 5, IL29 strongly inhibited liver cancer cells
growth in a dose-dependent manner from 100 to 200 pg/
mL dose concentrations. Although both doses showed
growth inhibition, significant inhibition was observed at
200 pg/mL.

Discussions

Plant molecular farming is being used to synthesize vari-
ous biopharmaceuticals, industrial proteins and bioactive
metabolites (Murphy and chemistry 2012). Green plants
and microalgae could be transformed into bio-factories
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to synthesize recombinant proteins (Griesbeck and
Kirchmayr 2012; Obembe et al. 2011). Microalgae-based
systems can combine the favorable characteristics of
microorganisms and plants, and they have emerged as a
viable option for molecular farming. Compared to typical
molecular farming systems, Chlamydomonas reinhardtii
offers numerous benefits, including affordable cultiva-
tion, improved biosafety, and the capacity to fold proteins
precisely (Rosales-Mendoza et al. 2012). The current suc-
cess in producing numerous recombinant therapeutics in
Chlamydomonas reinhardtii chloroplast has opened the
door to the future use of this alga as a commercial fac-
tory (Wannathong et al. 2016). Interleukin 29 (IL-29) was
discovered in 2003 and belonged to the type II cytokine
subfamily. In humans, it is the most potent and abundant
interferon molecule in serum (Hamming et al. 2010).
Multiple studies have also reported that /L-29 plays a role
in cancer etiology and has anticancer properties (Kelm
etal. 2016).

Chlamydomonas reinhardtii has proven to be an effec-
tive platform for recombinant protein/peptide produc-
tion (Reyes-Barrera et al. 2021; Li et al. 2021; Jiang et al.
2021). In this study, the IL29 protein was first expressed
in an algal expression system. Previously, bacteria was
used for its production (Li and He 2006). The bacterial
expression system is the first choice for expressing pro-
teins and several peptides because of its convenience in
growth, elevated rate of production, and proficiency in
genetic modification. On the contrary, they have some
limitations, like they are incapable of carrying out pro-
tein modifications, which are compulsory for stability
and proper protein functioning, especially in the case of
human proteins. Moreover, these proteins are produced
as insoluble inclusion bodies that need refolding and
purification, which is costly and inadequate. Another
drawback is that several endotoxins are produced by a
bacterial system, which can be the reason for complica-
tions in purification and the appliance of these recombi-
nant proteins (Gao and Tsan 2003).

A cell wall deficient wild-type strain cc-5168 or TN72
(cwl5, ApsbH, SpecR) (http://www.chlamycollection.
org) of Chlamydomonas reinhardtii and pSRSapl (recipi-
ent vector) used in this study provides a simple and
low-cost system for developing a transgenic line within
a short time. The choice for chloroplast transformation
over nuclear was made because of random insertion of
transgene, due to which they vary in their expression
level from protein to protein; also, a foreign gene can be
silenced because of transcriptional processes, e.g., meth-
ylation of cytosine and posttranscriptional processes
(Schroda 2006; Cerutti et al. 1997). While in the chlo-
roplast, site-specific recombination takes place, protein
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expression does not vary, and silencing is not observed
(Debuchy et al. 1989). The transgenic lines were obtained
by transforming TN72 through the agitation method
(using glass beads) instead of the electroporation method.
Transformants were selected based on their sensitivity to
spectinomycin. As described previously, TN72 is devoid
of functional photosystem II (PSII) as its main gene psbH
is knocked out. Instead of this, another gene aadA is
present, which works as a selection marker as it makes
this wild type strain resistant to spectinomycin. After the
transformation with the pSRSapl vector (keeping IL29
and psbH gene), homologous recombination occurs with
the chloroplast genome, and aadA gene is replaced with
the psbH gene and IL29 gene. This restores PSII activ-
ity, and transformants become susceptible to spectino-
mycin. After achieving transgenic lines, the protein was
extracted, quantified, and analyzed through western blot-
ting. According to the results, as shown in Fig. 4, recom-
binant protein IL29 was well expressed in the plastome of
Chlamydomonas reinhardtii with the reported molecular
weight (Kotenko et al. 2003).

The IL29 protein yield was 0.61 mg/mL, which is in
crude form, and much more than expressed in Iranian
Lizard Leishmania 0.075 mg/L (Taromchi et al. 2013) and
E. coli, which is 60 mg/L (Li and He 2006). Modifications
in purification steps and the addition of tags can help in
better yield.

The MTT assay was used to determine the in vitro
cytotoxicity of the recombinant IL29 on the prolifera-
tion of the HepG2 cell line. Two doses of protein extract,
100 pg/mL and 200 pg/mL were tested. Both doses
showed a significant cytotoxic effect on the HepG2 cell
line. HepG2 cell line has been widely used to assess
the anti-tumor activities of various proteins and plant
extracts (El-Garhy et al. 2017). The antitumor effects
of cyanobacterial L-asparaginase produced in E. coli
(Kebeish et al. 2016) or isolated from Helicobacter pylori
(Gladilina et al. 2009) and Penicillium brevicompactum
(Elshafei et al. 2012) were assessed by using the HepG2
cell line. Furthermore, several forms of human interferon
have been classified based on their inhibitory effects on
Hep3B and HepG2 cell growth (Zhou et al. 2007). This
study suggests that IL29 expressed in C. reinhardtii has
significant anticancer effects.

Algae offer a prospective platform for the large-scale
fabrication of a wide range of recombinant proteins
due to the exponential growth rate and the lack of gen-
eral pathogens with Homo sapiens. The foremost ben-
efit that algae offer is the correspondence between the
mechanism of human and algae protein synthesis. More
improvements in this work are needed, like adding a tag
for immunoprecipitation can facilitate the extraction
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of purified protein. Furthermore, despite some lack-
ing IL29 expressing alga can be used as a dietary sup-
plement as alga is regarded as a GRAS organism. This
advantage of alga makes it superior to other expression
systems.

Microalgae are simple to grow and process, making
them a more cost-effective platform for therapeutic pro-
tein production. C. reinhardtii, green algae, has proven to
be an effective biopharmaceutical expression platform.
For the first time, an IL29 expression cassette was devel-
oped and expressed in C. reinhardtii, yielding a bioac-
tive protein with anticancer activity. These encouraging
results suggest that the IL29 may be produced at a rea-
sonable cost. Thus, the success rate and production of
therapeutically active IL29 demonstrate Chlamydomonas
reinhardtii’s value as a cell factory for producing human
therapeutic active proteins.
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bromide

HepG2 Human liver cancer cell line

Acknowledgements
Not required.

Author contributions

MA conducted research under the supervision of MAK and NA. RB helped
in the data analysis. RP, SA, ST, and RA helped in interpret results. FA and QA
carried final revisions in the manuscript. All authors read and approved final
manuscript.

Funding

It has been verified that there were no grants or organizations that supported
our study, including funding received from our institution. The funders had
no role in study design, data collection and analysis, decision to publish, or
manuscript preparation. As there was no funding for our work, no author has
received a salary from any funders.

Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Page 8 of 9

Declarations

Ethics approval and consent to participate
This article does not contain any studies with human participants or animals
performed by any authors.

Consent for publication

The consent for publication was given by authors and from authorities of the
Centre for Excellence in Molecular Biology (CEMB), University of the Punjab,
Lahore, Pakistan.

Competing interests
The authors declare that they have no competing interests.

Received: 13 October 2022 Accepted: 15 February 2023
Published online: 25 February 2023

References

Almaraz-Delgado AL, Flores-Uribe J, Pérez-Espana VH, Salgado-Manjarrez
E, Badillo-Corona JA (2014) Production of therapeutic proteins in the
chloroplast of Chlamydomonas reinhardtii. AMB Expr 4:57. https://doi.org/
10.1186/513568-014-0057-4

Braun Galleani S (2014) Exploring the potential for recombinant protein
production in microalgae. UCL (University College London), https://disco
very.ucl.ac.uk/id/eprint/1458032

Braun-Galleani S, Baganz F, Purton S (2015) Improving recombinant protein
production in the Chlamydomonas reinhardtii chloroplast using vivid
Verde Fluorescent Protein as a reporter. Biotechnol J 10(8):1289-1297.
https://doi.org/10.1002/biot.201400566

Cerutti H, Johnson AM, Gillham NW, Boynton JEJTPC (1997) Epigenetic silenc-
ing of a foreign gene in nuclear transformants of Chlamydomonas. Plant
Cell 9(6):925-945

Charoonnart P, Worakajit N, Zedler JA, Meetam M, Robinson C, Saksmerprome
V (2019) Generation of microalga Chlamydomonas reinhardtii expressing
shrimp antiviral dsRNA without supplementation of antibiotics. Sci Rep
9(1):1-8. https://doi.org/10.1105/tpc.9.6.925

Debuchy R, Purton S, Rochaix JD (1989) The argininosuccinate lyase gene of
Chlamydomonas reinhardtii: an important tool for nuclear transformation
and for correlating the genetic and molecular maps of the ARG7 locus.
EMBO J 8(10):2803-2809. https://doi.org/10.1002/}.1460-2075.1989.tb084
26.x

Doron L, Na S, Shapira M (2016) Transgene expression in microalgae—from
tools to applications. Front Plant Sci 7:505. https://doi.org/10.3389/fpls.
2016.00505

El-Garhy F, Badr D, Mohamed AJCB (2017) Assessment of anti-cancer and anti-
viral potential of pomegranate peel extract against human prostate, and
larynx cancer cell lines: in-vitro study. Cancer Biol 7(2):6

Ellstrand NC (2001) When transgenes wander, should we worry? Plant Physiol
125(4):1543-1545. https://doi.org/10.1104/pp.125.4.1543

Elshafei AM, Hassan MM, Abouzeid MA-E, Mahmoud DA, Elghonemy DHIMRJI
(2012) Purification, characterization and antitumor activity of -aspar-
aginase from Penicillium brevicompactum NRC. Microbiol Res J Inter
2:158-174. https://doi.org/10.9734/BMRJ/2012/1735

Ganapathy M (2016) Plants as bioreactors—a review. Adv Tech Biol Med
4(161):2379-1764. https://doi.org/10.4172/2379-1764.1000161

Gao B, Tsan M-F (2003) Endotoxin contamination in recombinant human heat
shock protein 70 (Hsp70) preparation is responsible for the induction
of tumor necrosis factor a release by murine macrophages. J Biol Chem
278(1):174-179. https://doi.org/10.1074/jbc.M208742200

Gecchele E, Merlin M, Brozzetti A, Falorni A, Pezzotti M, Avesani L (2015) A
comparative analysis of recombinant protein expression in different
biofactories: bacteria, insect cells and plant systems. JOVE (j vis Exp)
97:252459. https://doi.org/10.3791/52459

Giritch A, Marillonnet S, Engler C, van Eldik G, Botterman J, Klimyuk V, Gleba
Y (2006) Rapid high-yield expression of full-size IgG antibodies in plants
coinfected with noncompeting viral vectors. Proc Natl Acad Sci USA
103(40):14701-14706. https://doi.org/10.1073/pnas.060663110


https://doi.org/10.1186/s13568-014-0057-4
https://doi.org/10.1186/s13568-014-0057-4
https://discovery.ucl.ac.uk/id/eprint/1458032
https://discovery.ucl.ac.uk/id/eprint/1458032
https://doi.org/10.1002/biot.201400566
https://doi.org/10.1105/tpc.9.6.925
https://doi.org/10.1002/j.1460-2075.1989.tb08426.x
https://doi.org/10.1002/j.1460-2075.1989.tb08426.x
https://doi.org/10.3389/fpls.2016.00505
https://doi.org/10.3389/fpls.2016.00505
https://doi.org/10.1104/pp.125.4.1543
https://doi.org/10.9734/BMRJ/2012/1735
https://doi.org/10.4172/2379-1764.1000161
https://doi.org/10.1074/jbc.M208742200
https://doi.org/10.3791/52459
https://doi.org/10.1073/pnas.060663110

Akram et al. AMB Express (2023) 13:23

Gladilina YA, Sokolov N, Krasotkina JJBSSBBC (2009) Cloning, expression,
and purification of Helicobacter pylori 1-asparaginase. Biomed Khim
54(4):482-486

Griesbeck C, Kirchmayr A (2012) Algae: an alternative to the higher plant
system in gene farming. Molecular farming in plants: recent advances
and future prospects. Springer, Dordrecht. https://doi.org/10.1007/
978-94-007-2217-0_6

Hamming OJ, Gad HH, Paludan S, Hartmann RJP (2010) Lambda interferons:
new cytokines with old functions. Pharmaceuticals 3(4):795-809. https://
doi.org/10.3390/ph3040795

Jiang R, Tran M, Lonnerdal B (2021) Recombinant bovine and human osteo-
pontin generated by Chlamydomonas reinhardtii exhibit bioactivities
similar to bovine milk osteopontin when assessed in mouse pups fed
osteopontin-deficient milk. Mol Nutr Food Res 65(16):22000644. https://
doi.org/10.1002/mnfr.202000644

Kebeish R, El-Sayed A, Fahmy H, Abdel-Ghany AJB (2016) Molecular cloning,
biochemical characterization, and antitumor properties of a novel
L-asparaginase from Synechococcuselongatus PCC6803. Biochem Mosc
81(10):1173-1181. https://doi.org/10.1134/5000629791610014X

Kelm NE, Zhu Z, Ding VA, Xiao H, Wakefield MR, Bai Q, Fang Y (2016) The role of
IL-29 in immunity and cancer. Crit Rev Oncol Hematol 106:91-98. https://
doi.org/10.1016/j.critrevonc.2016.08.002

Khan AK, Kausar H, Jaferi SS, Drouet S, Hano C, Abbasi BH, Anjum S (2020) An
insight into the algal evolution and genomics. Biomolecules 10(11):1524.
https://doi.org/10.3390/biom 10111524

Kindle KL, Richards KL, Stern DB (1991) Engineering the chloroplast genome:
techniques and capabilities for chloroplast transformation in Chia-
mydomonas reinhardtii. Proc Natl Acad Sci USA 88(5):1721-1725. https://
doi.org/10.1073/pnas.88.5.1721

Kong Q, Richter L, Yang YF, Arntzen CJ, Mason HS, Thanavala Y (2001) Oral
immunization with hepatitis B surface antigen expressed in transgenic
plants. Proc Natl Acad Sci USA 98(20):11539-11544. https://doi.org/10.
1073/pnas. 191617598

Kotenko SV, Gallagher G, Baurin VWV, Lewis-Antes A, Shen M, Shah NK;, Langer
JA, Sheikh F, Dickensheets H, Donnelly RP (2003) IFN-As mediate antiviral
protection through a distinct class Il cytokine receptor complex. J Inter-
feron Cytokine Res 4(1):69-77. https://doi.org/10.1089/jir.2010.0078

Ledn R, Cejudo AG, Fernandez E (2008) Transgenic microalgae as green cell
factories, vol 616. Springer Science & Business Media, Berlin. https://doi.
org/10.1007/978-0-387-75532-8

Li M, He S (2006) Purification and characterization of recombinant human
interleukin-29 expressed in Escherichia coli. J Biotechnol 122(3):334-340.
https://doi.org/10.1016/j jbiotec.2005.11.019

Li A, Huang R, Wang C, Hu Q, Li H, Li X (2021) Expression of anti-lipopolysac-
charide factor isoform 3 in Chlamydomonas reinhardtii Showing high
antimicrobial activity. Mar Drugs. https://doi.org/10.3390/md 19050239

Mathieu-Rivet E, Kiefer-Meyer M-C, Vanier G, Ovide C, Burel C, Lerouge P,
Bardor M (2014) Protein N-glycosylation in eukaryotic microalgae and
its impact on the production of nuclear expressed biopharmaceuticals.
Front Plant Sci 5:359. https://doi.org/10.3389/fpls.2014.00359

Mayfield SP, Manuell AL, Chen S, Wu J, Tran M, Siefker D, Muto M, Marin-Nav-
arro J (2007) Chlamydomonas reinhardtii chloroplasts as protein factories.
Curr Opin Biotechnol 18(2):126-133. https://doi.org/10.1016/j.copbio.
2007.02.001

Murphy CDJO (2012) The microbial cell factory. Org Biomol Chem
10(10):1949-1957. https://doi.org/10.1039/C20B06903B

Newman SM, Boynton JE, Gillham NW, Randolph-Anderson BL, Johnson AM,
Harris EH (1990) Transformation of chloroplast ribosomal RNA genes in
Chlamydomonas: molecular and genetic characterization of integration
events. Genetics 126(4):875-888. https://doi.org/10.1093/genetics/126 4.
875

Obembe OO, Popoola JO, Leelavathi S, Reddy SV (2011) Advances in plant
molecular farming. Biotechnol Adv 29(2):210-222. https://doi.org/10.
1016/j.biotechadv.2010.11.004

Purton S, Szaub J, Wannathong T, Young R, Economou C (2013) Genetic engi-
neering of algal chloroplasts: progress and prospects. Russ J Plant Physiol
60:491-499. https://doi.org/10.1134/S1021443713040146

Rasala BA, Mayfield SP (2011) The microalga Chlamydomonas reinhardtii as a
platform for the production of human protein therapeutics. Bioeng Bugs
2(1):50-54. https://doi.org/10.4161/bbug.2.1.13423

Page 9 of 9

Reyes-Barrera KL, Soria-Guerra RE, Lopez-Martinez R, Huerta L, Salinas-Jazmin
N, Cabello-Gutierrez C, Alpuche-Solis AG (2021) The entry blocker
peptide produced in Chlamydomonas reinhardtii inhibits influenza viral
replication in vitro. Front Plant Sci 12:641420. https://doi.org/10.3389/fpls.
2021.641420

Rosales-Mendoza S, Paz-Maldonado LMT, Soria-Guerra RE (2012) Chla-
mydomonas reinhardtii as a viable platform for the production of
recombinant proteins: current status and perspectives. Plant Cell Rep
31(3):479-494. https://doi.org/10.1007/500299-011-1186-8

Scaife MA, Nguyen GT, Rico J, Lambert D, Helliwell KE, Smith AG (2015) Estab-
lishing Chlamydomonas reinhardtii as an industrial biotechnology host.
Plant J 82(3):532-546. https://doi.org/10.1111/tpj.12781

Schroda MJ (2006) RNA silencing in Chlamydomonas: mechanisms and tools.
Curr Genet 49(2):69-84. https://doi.org/10.1007/500294-005-0042-1

Shamriz S, Ofoghi H (2016) Outlook in the application of Chlamydomonas
reinhardtii chloroplast as a platform for recombinant protein production.
Biotechnol Genet Eng Rev 32(1-2):92-106. https://doi.org/10.1080/02648
725.2017.1307673

Specht EA (2014) Improving the genetic tractability of the green alga Chla-
mydomonas reinhardtii. UC San Diego, Electronic Theses and Dissertations

Taromchi AH, Kazemi B, Mahmazi S, Bandehpour M (2013) Heterologous
expression of human IL-29 (IFN-I» 1) in Iranian lizard leishmania. Iran J
Biotechnol 11(3):168-174. https://doi.org/10.5812/1JB.12468

Wannathong T, Waterhouse JC, Young RE, Economou CK, Purton S (2016)

New tools for chloroplast genetic engineering allow the synthesis of
human growth hormone in the green alga Chlamydomonas reinhardtii.
Appl Microbiol Biotechnol 100(12):5467-5477. https://doi.org/10.1007/
500253-016-7354-6

Young RE, Purton S (2014) Cytosine deaminase as a negative selectable marker
for the microalgal chloroplast: a strategy for the isolation of nuclear
mutations that affect chloroplast gene expression. Plant J 80(5):915-925.
https://doi.org/10.1111/tpj.12675

Zhou Z, Hamming OJ, Ank N, Paludan SR, Nielsen AL, Hartmann RJ (2007) Type
lllinterferon (IFN) induces a type | IFN-like response in a restricted subset
of cells through signaling pathways involving both the Jak-STAT pathway
and the mitogen-activated protein kinases. J Virol 81(14):7749-7758.
https://doi.org/10.1128/JV1.02438-06

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1007/978-94-007-2217-0_6
https://doi.org/10.1007/978-94-007-2217-0_6
https://doi.org/10.3390/ph3040795
https://doi.org/10.3390/ph3040795
https://doi.org/10.1002/mnfr.202000644
https://doi.org/10.1002/mnfr.202000644
https://doi.org/10.1134/S000629791610014X
https://doi.org/10.1016/j.critrevonc.2016.08.002
https://doi.org/10.1016/j.critrevonc.2016.08.002
https://doi.org/10.3390/biom10111524
https://doi.org/10.1073/pnas.88.5.1721
https://doi.org/10.1073/pnas.88.5.1721
https://doi.org/10.1073/pnas.191617598
https://doi.org/10.1073/pnas.191617598
https://doi.org/10.1089/jir.2010.0078
https://doi.org/10.1007/978-0-387-75532-8
https://doi.org/10.1007/978-0-387-75532-8
https://doi.org/10.1016/j.jbiotec.2005.11.019
https://doi.org/10.3390/md19050239
https://doi.org/10.3389/fpls.2014.00359
https://doi.org/10.1016/j.copbio.2007.02.001
https://doi.org/10.1016/j.copbio.2007.02.001
https://doi.org/10.1039/C2OB06903B
https://doi.org/10.1093/genetics/126.4.875
https://doi.org/10.1093/genetics/126.4.875
https://doi.org/10.1016/j.biotechadv.2010.11.004
https://doi.org/10.1016/j.biotechadv.2010.11.004
https://doi.org/10.1134/S1021443713040146
https://doi.org/10.4161/bbug.2.1.13423
https://doi.org/10.3389/fpls.2021.641420
https://doi.org/10.3389/fpls.2021.641420
https://doi.org/10.1007/s00299-011-1186-8
https://doi.org/10.1111/tpj.12781
https://doi.org/10.1007/s00294-005-0042-1
https://doi.org/10.1080/02648725.2017.1307673
https://doi.org/10.1080/02648725.2017.1307673
https://doi.org/10.5812/IJB.12468
https://doi.org/10.1007/s00253-016-7354-6
https://doi.org/10.1007/s00253-016-7354-6
https://doi.org/10.1111/tpj.12675
https://doi.org/10.1128/JVI.02438-06

	Cloning and expression of an anti-cancerous cytokine: human IL-29 gene in Chlamydomonas reinhardtii
	Abstract 
	Key points 
	Introduction
	Materials and methods
	Culture conditions for Chlamydomonas reinhardtii
	Plasmid construction
	Transformation of Chlamydomonas reinhardtii
	Protein extraction
	Protein quantification
	SDS-PAGE and western blot analysis of extracted protein
	Cell viability assay
	Statistical analysis

	Results
	Construction of plasmid with IL29 gene
	Transformation of the recombinant plasmid into C. reinhardtii
	Protein analysis through SDS-PAGE and western blotting
	Inhibition of HepG2 cells growth by IL29

	Discussions
	Acknowledgements
	References


