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Matrix-immobilized yeast for large-scale
production of recombinant human lactoferrinf

Chun Loong Ho,} In Young Hwang,i Kathy Loh} and Matthew Wook Changi™*

An improved method of producing and purifying large quantities of recombinant human lactoferrin (hLF) in
rich culture medium is demonstrated. The host yeast cells were immobilized using macroporous
microencapsulation and introduced to a rich medium to facilitate lactoferrin production. The induced and
constitutive expression of lactoferrin using the macroporous microencapsulated yeast resulted in a titer of
18.6 mg %, which is a 9-fold increase from the previously reported highest titer. It was further demon-
strated that the macroporous encapsulation circumvented the use of selection pressure to maintain cellular
plasmids at a high copy number. The purified hLF exhibited anti-bacterial properties and inhibitory activity
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Introduction

Lactoferrin is a transferrin-class protein known to confer vari-
ous health beneficial properties, including anti-microbial,
anti-parasite and anti-cancer activities. These attributes are
credited to the ability of the protein to sequester metal ions
and recruit immune-related cytokines."”* The lactoferrin pro-
tein is used in tandem as a second-line therapeutic agent with
other treatments to reduce the drug side-effects and improve
the recovery of the patients.® This glycoprotein, which aver-
ages about 80 kDa in size, mainly sequesters ferric ions, but
it is also known to bind to DNA and other metabolites and
divalent ions at a lesser capacity.’® The protein structure has
a double lobe at the N- and C-termini that can each bind to a
single Fe** ion (Fig. 1A and B). This class of protein reportedly
has stronger binding affinity in a lower pH environment.*
The tryptic- and peptic-digested lactoferrin fragments are
found to show higher efficacy in conferring various health-
benefiting properties.” These properties are contributed by
various conserved sequences hidden in the lactoferrin tertiary
structure. The improved efficacy is attributed to the exposure
of these conserved residues upon tryptic and peptic diges-
tion.® One such example could be seen at the conserved anti-
fungal sequence found in the N-terminus lobe of various
lactoferrins (Fig. S1).” Prior studies have indicated that the

Department of Biochemistry, Yong Loo Lin School of Medicine, and Synthetic
Biology Research Program, Life Sciences Institute, National University of
Singapore, 28 Medical Drive, Singapore 117456. E-mail: bchcmw@nus. edu.sg

t Electronic supplementary information (ESI) available. See DOI 10.1039/
c4mdo00537f

1 Author contribution: H. C. L. and M. W. C. conceived and designed the
project. H. C. L. performed the experiments. K. L. contributed in gene cloning.
H. C. L, L Y. H. and M. W. C. conducted data analysis and interpretation and
wrote the manuscript. M. W. C. supervised the project.

486 | Med Chem. Commun., 2015, 6, 486-491

against various breast, gastric and colorectal cancer cell lines.

glycosylation of the lactoferrin protein results in higher activ-
ity and tolerance to low pH values.'” It has also been shown
that human lactoferrin (hLF) confers a higher modulated

purified recombinant
human lactoferrin
(78.4 kDa)

¢ N-Terminus  C-Terminus
transferrin transferrin
lobe lobe
L . 365 696
Simian lactoferrin _B .
(XP_004034071)
% |dentity/Homology 96/97

2 365 696
Human lactoferrin —
(AAA59511)

% Identity/Homology 71/82

360 689
Porcine lactoferrin —

(BAD08651)
D.

Human lactoferrin (A459511)

_'E Simian lactoferrin (XP_004034071)
Rodent lactoferrin (ACL80331)
Goat lactoferrin (XP_005696090)

_‘E Sheep lactoferrin (AGF69235)
Porcine lactoferrin (BAD08651)

Bat lactoferrin (EPQ14459)

Fig. 1 A. Crystal structure of hLF (PDB ID: 2BJJ) (N- to C-terminus is
indicated from the blue to red colour coding). B. Saccharomyces
cerevisiae expression of recombinant hLF. C. The sequence identity/

homology of hLF against simian and porcine lactoferrin. D. A phylog-
eny tree of lactoferrins from various sources.
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response towards human-related diseases than bovine-derived
lactoferrin, which was demonstrated in the studies of sepsis
and necrotizing enterocolitis prevention,® and anti-viral activ-
ity via interaction with heparin sulphate (HS).’ In addition,
the over-dosage of milk-purified bovine lactoferrin causes
diarrhoea, skin rashes, decreased appetite, fatigue, chills and
constipation."® The recombinant hLF gene shows higher than
90% sequence identity to other lactoferrins from primates
such as Pongo abelii, Macaca fascicularis, Chlorocebus sabaeus,
and Gorilla gorilla gorilla (Fig. 1C), whilst showing an average
of above 70% sequence identity to other lactoferrins (Fig. 1D).

Despite these health-benefiting properties of lactoferrin,
the price of purified lactoferrin still remains high, thus
prompting various studies to produce and/or supplement
food with lactoferrin. The purification of hLF from human
milk colostrum is not feasible because it is not possible to
acquire high quantities of human-derived milk. Thus, the
production of hLF in other hosts is a viable option to
increase the supply. Industrial approaches to mass produce
hLF include engineered bacteria, yeast, fungi, insect cells,
mammalian cells and transgenic plants."’ Despite bacteria
being a favoured host for large-scale protein expression,
human lactoferrin produced with prokaryotic hosts often
show lower efficacy because the expression requires post-
translational glycosylation. These glycosylation sites are
mainly found on the protein surface. Furthermore,
lactoferrins produced in conventional plant, mammalian or
insect host cells usually produce holo-lactoferrin that is
almost completely bound to the ferric ions present in the
cytosol of the host cells."> Yeast cells can produce
glycosylated apo-lactoferrin. The expression of lactoferrin
using Pichia pastoris was shown to produce lactoferrin at a
titer of 115 mg 1'. However, the fermentation process
involves incubation for 9 days using alcohol induction and
could affect the stability of secreted proteins in the media."?
On the other hand, the use of Saccharomyces cerevisiae is
reported to result in a low expression titer of 2.0 mg 17%.**
Thus, in this study, to increase the titer of lactoferrin, we
engineered the budding yeast Saccharomyces cerevisiae
BY4741 to express and secrete recombinant hLF. To further
improve the titer and the purity of the expressed protein, the
host cells were immobilized in a gel matrix and their perfor-
mance was evaluated in comparison to the cells in the liquid
culture. We further assessed the performance of two different
microencapsulation techniques that were previously used in
eukaryotic cell protein expression. The first method is by
encapsulating the cells in 3 layers containing alginate-poly-L-
lysine-alginate. This alginate-poly-i-lysine-alginate (APA) resin
is commonly used for protein expression in eukaryotic cells
such as recombinant Chinese hamster ovarian cells,'” mesen-
chymal stem cells'® and NIH3T-NGF cells."” The second
method employs macroporous microencapsulation, which
uses a mixture of alginate and agarose to produce porous
microcapsules that enable efficient medium transfer and pro-
tein secretion into the surrounding medium. This encapsula-
tion method was previously used to facilitate protein
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expression in pig islet cells to treat type 1 diabetes.'® These
immobilized yeast cells were evaluated by observing the titer
of the expressed protein over a series of batch-culture
fermentation.

Herein, we report an improved protocol to express and
purify secreted hLF using matrix-immobilized recombinant
yeast cultured in a liquid medium for batch culture fermenta-
tion. The purified protein was characterized for its anti-
microbial activity and anti-cancer activity against breast, gas-
tric and colorectal cancer cell-lines.

Results and discussion

Our transformed yeast expression showed the highest titer of
secreted recombinant hLF, about 9-fold increase in expres-
sion levels from 2.0 mg 1™ previously reported in .
cerevisiae."* A total of 18.6 mg and 15.3 mg of soluble active
hLF were purified from each litre of the rich liquid culture
using constitutive and induced protein expression (Fig. 1B).
Validation of recombinant hLF protein by size exclusion chro-
matography indicated that the protein was in the correct
monomeric state.

The hLF expression using matrix-immobilized yeast indi-
cated that the macroporous microencapsulation of the
recombinant yeast was the most suitable method for
immobilized yeast cell-based protein expression. The
immobilized yeast cells in both the APA and the macroporous
matrices showed that the total wet mass of the spun down
matrix was consistent throughout 4 batch cycles. This indi-
cates no significant cell division during the course of incuba-
tion, thus addressing the issue of a potential plasmid loss
upon cellular replication. The lowered primary metabolism
due to reduced cell division could further encourage protein
expression.’ The hLF expression using APA micro-
encapsulated yeast cells might not be suitable because the
yield of purified hLF from the first batch was less than half
the amount purified from free cell expression. The second
batch culture of purified hLF using APA microencapsulation
dropped to below 1 mg 1™ (Fig. 2A and C). However, the
expression of hLF in macroporous microencapsulation
immobilized yeast retained the expression levels close to the
free cell expression. Furthermore, the macroporous micro-
encapsulated yeast could be reused with an acceptable titer
for up to 3 batch cycles (approx. 10 days). This observation
was consistent in the titer level from the induced and consti-
tutive expression of secreted lactoferrin (Fig. 2B and D). The
reduced expression observed with the APA microencapsula-
tion technique might result from the presence of poly-1-lysine
in the resin. That is, e-poly-L-lysine exhibits antimicrobial
activity against bacteria, fungi and yeast at high concentra-
tions that might negatively impact the yeast cells in the
immobilized matrix.>® Additionally, poly-i-lysine is negatively
charged and can readily interact with various positively
charged proteins.”® Therefore, the positively charged
C-terminus of the lactoferrin protein might bind to the poly-
i-lysine, thereby reducing the permeability of the secreted
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Fig. 2 A. Lactoferrin batch production of galactose inducible protein
expression using microencapsulation techniques. B. Secreted
lactoferrin expressed using galactose induced APA and macroporous
microencapsulation. C. Lactoferrin batch production of TEF constitutive
protein expression using microencapsulation techniques. D. Secreted
lactoferrin expressed using APA and macroporous microencapsulation.

protein and limiting the production rate. Comparatively, the
average pore size of the APA microencapsulated matrix is
about 0.2 pm,** whereas the macroporous microencapsula-
tion matrix has an average pore size of 0.8 um.”>* These
matrices are able to retain yeast cells (~5-15 um in diameter)
whilst allowing effective exchange of media and secreted
hLF.>* Thus, these results suggest that the macroporous
microencapsulation is a better alternative for immobilized
yeast cell-based protein expression.

In order to ensure that the purified lactoferrin is active,
we tested the purified hLF against a wide range of human
cancer cell lines such as gastric cancer cell AGS, colorectal
cells LoVo, HCT116, and CT26 and breast cancer cell MCF7.
Fig. 3 shows that the anti-cancer properties of the purified
hLF were relatively high, in which the cancer cells were fully
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Fig. 3 Anti-cancer inhibition curves of lactoferrin against breast,
gastric and colorectal cancer cell lines. The EC50 values within the
micro-molar range (reference to the left scale bar) are breast cancer
cell line MCF7 (-e=), gastric cancer cell line AGS (-e-) and colorectal
cancer cell line LoVo (=e=). The EC50 values within the sub-micro-
molar range (in reference to the right scale bar) are colorectal cancer
cell line CT26 (-e=) and colorectal cancer cell line HCT116 (-e-). For
the original plots, please refer to the ESI} Fig. S2.

inhibited within 24 hours of treatment. The efficacy of the
purified hLF was reflected by low half maximal effective con-
centration (EC50) values, which were below 10 uM in the
colorectal cell lines tested, whilst gastric cancer cell AGS gave
an EC50 value below 60 pM. This result is consistent with the
previous work reporting about 64 uM as an EC50 value of
bovine lactoferrin, which induced cancer cell apoptosis.**
The purified hLF assay against the breast cancer cell line
MCEF?7 resulted in EC50 values below 30 puM, similar to the
results obtained by the use of the lactoferrin homologous
protein ovotransferrin.>®> The anti-cancer properties of hLF
results from the prevention of angiogenesis by VEGF inhibi-
tion in tissue,*® the blocking process of the tumor cell cycle
at the G1 to S phase,'* and the modulation and stimulation
of the production of anti-carcinogenic cytokines such as
IL-18, thus causing cancer cell apoptosis.*?

Next, we examined the antibacterial activity of the purified
lactoferrin. We evaluated the antibacterial activity of hLF
against Gram-positive bacteria (Bacillus subtilis and Staphylo-
coccus aureus) and Gram-negative bacteria (Pseudomonas
aeruginosa PAO1, Escherichia coli DH10B and EcN) (Table 1).
The purified hLF showed bacteriostatic activity that impedes
the overall growth of bacterial cells. This is the result of hLF
sequestering ferric ions in the medium that is essential for
bacterial growth. The half maximal inhibitory concentration
(IC50) values of the purified lactoferrin against the aforemen-
tioned microbes are within a micro-molar to sub-micro-molar
range (Table 1). The evaluation of the anti-bacterial proper-
ties suggested that the purified hLF is a bacteriostatic inhibi-
tor that shows similar values reported by Ulvatne et al. and
Flores-Villasensor et al.>”>°

This journal is © The Royal Society of Chemistry 2015
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Table 1 Anti-bacterial screening of purified hLF against various Gram-
positive and Gram-negative bacteria. For the original plots, please refer to
the ESI, Fig. S3

Measured IC50  The literature reported

Bacterial strain  (uM) 1C50 (uM) Ref.
B. subtilis F2 0.083 0.130 28
S. aureus 4.667 1.500 29
NR4220

P. aeruginosa 1.635 1.200 29
PAO1

E. coli DH10B 0.567 5.000 28
E. coli EcN 1.209 5.000 28

Taken together, our results suggest the following. First,
the expressed and purified lactoferrin using the macroporous
microencapsulation technique is active, validated by both
anti-cancer and anti-bacterial properties. Second, this encap-
sulation technique can be employed for large-scale protein
expression. The immobilization matrix maintains a high copy
plasmid count in the host cell by limiting cellular division,
circumventing the need for a selection marker.

Experimental section
Materials

The human lactoferrin (hLF) gene was codon-optimized and
chemically synthesized for Saccharomyces cerevisiae expres-
sion with an attached C-terminus 6-Histag sequence (Gene-
Art). The inducible and constitutive expression shuttle vectors
PGAL-MF and pTEF-MF were acquired from Dualsystems Bio-
tech AG. The yeast Saccharomyces cerevisiae BY4741 and bac-
terial strains were acquired from ATCC. Cancer cell lines were
acquired as a gift from Dr. Khoon Lin Ling from the Singapore
General Hospital. Media, chemicals and consumables were
acquired from Sigma-Aldrich, Difco, Sartorius and Nalgene.

Cloning and expression

The hLF gene was cloned in both pGAL-MF and pTEF-MF vec-
tors. These constructs were then transformed by lithium
acetate-mediated yeast transformation. The cells were then
selected by means of URA-minimal SC medium. Positive
transformants were seeded into URA-minimal SC medium
prior to inoculation into YE medium at ODg(, of 0.2. Expres-
sion of hLF was conducted by incubating the cells at 30 °C
for 48 hours followed by incubation at 16 °C for 24 hours.
The cell culture was harvested and purified by 6-Histag
pulldown. The purified protein buffer was exchanged with a
Tris buffer (50 mM Tris-HCl, 300 mM NaCl, 10% glycerol,
pH 8.0) and stored for the following assays. Protein quantifi-
cation was performed using a Bradford protein assay. The
protein multimeric form was quantified by size exclusion
chromatography, which was compared with standards.

Immobilization matrix

Transformed yeast cells were grown in selective minimal
media at about ODgg, of 2.0, spun down and washed with

This journal is © The Royal Society of Chemistry 2015
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sterile PBS twice prior to immobilization. The cell density to
volume of immobilizing matrices is approximately 6 x 107
cells mL™" of the immobilizing reagent. Alginate-poly-i-lysine-
alginate (APA) immobilization was prepared by re-suspending
the cells in sterile ice-cold 0.9% sodium chloride solution
with 2.0% sodium alginate. The mixture was passed through
a 23G syringe needle and dropped into ice-cold 1.4% calcium
chloride, which was stirred continuously for 15 minutes to
allow the droplets to gel completely. The resin was then asep-
tically filtered and collected before re-suspension in 0.05%
poly-i-lysine in a 1 M HEPES buffer, pH 7.2 for 10 minutes.
The resin was filtered out and rinsed twice with a sterile 1 M
HEPES buffer followed by another coat of 0.1% sodium algi-
nate for 4 to 8 minutes. The recoated resin was washed with
a 1 M HEPES buffer and introduced to fresh media. This will
produce beads with an average diameter of 2 mm. Macro-
porous microencapsulation immobilization was conducted by
re-suspending the yeast cells in 3 mL of 0.9% sodium chloride
solution, followed by introduction under drop-by-drop stirring
into 27 mL of 2% agarose and 2% sodium alginate solution.
The solution is maintained at a constant temperature of 45-
50 °C to prevent premature gelling. The mixture was expelled
through a 23G syringe needle into stirred ice-cold 2% cal-
cium chloride solution to give beads with a general diameter
of about 2 mm. The resin was then filtered out and rinsed
twice with a 1 M HEPES buffer to remove the excessive cal-
cium chloride, followed by introduction into fresh media.

Batch-culturing of immobilized cells

The resin was then grown in 400 mL YP medium with an
inducer (2% galactose, 1% raffinose) for pGAL-MF cells or
without an inducer (2% raffinose, 1% glucose) for pTEF-MF
cells. These immobilized cells were incubated in the medium
under aerated incubation for 2 days at 30 °C. The culture was
harvested and secreted hLF was purified using the methods
mentioned above. The wet weight of the resin acquired was
measured aseptically and introduced into the fresh culture to
facilitate protein expression. The batch-culturing was
repeated until the amount of protein yield was below 25% of
the initial amount produced.

Anti-cancer assay

The LoVo cancer cell lines were maintained in Ham's F12
medium supplemented with 10% fetal bovine serum and
penicillin-streptomycin. The other cell lines, CT26, HCT116,
MCF7 and AGS, were maintained in DMEM medium
supplemented with 10% fetal bovine serum and penicillin-
streptomycin. The cancer cells were seeded into 96 well plates
at a concentration of 10> cells mL ™" and allowed to grow until
80% confluency. The cancer cells were then washed twice
with a 1x saline phosphate buffer and introduced to the
respective media supplemented with lactoferrin at a concen-
tration range of 5 nM to 100 uM. The culture was assayed for
cell viability using an MTT assay after 3, 24 and 72 hours of
incubation.
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Anti-bacterial assay

The anti-bacterial assay was performed by growing bacterial
cultures at an absorbance of 0.2 (ODggo) from an overnight
culture grown at 37 °C, 225 rpm. The bacterial culture was
then added at a 1:1 ratio to a range of lactoferrin from 5 nM
to 10 uM and measured for bacterial growth at ODgy, over
time at 37 °C with constant shaking. The exponential growth
slope was measured for inhibitory curve fitting.

Conclusions

In conclusion, we showed the highest titer reported to date
for recombinant hLF production in Saccharomyces cerevisiae,
which is close to a 9-fold increase from the previous value.
Macroporous microencapsulation was employed to maintain
the number of expression host cells whilst giving an efficient
nutrient and metabolite exchange. The expression of protein
using this method is applicable for both inducible and con-
stitutive expression systems. Both constitutive and induced
expression systems can be used for large-scale batch culture
bioreactor expression to produce lactoferrin because the
immobilized yeast resin is able to facilitate expression up to
3 batch cycles.
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