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Abstract

Human granulocyte-macrophage colony-stimulating factor (GM-CSF) is an important
therapeutic cytokine. Methylotrophic yeasts such as Komagataella phaffii and Ogataea para-
polymorpha are attractive hosts for recombinant protein production. In this study, these
yeasts were engineered to produce GM-CSF in both secreted and cell-surface-anchored
forms. Secreted GM-CSF accumulated to tens of milligrams per liter in culture supernatants
following induction. Fluorescent antibody labeling confirmed that yeast strains express-
ing surface-displayed GM-CSF exhibited markedly increased fluorescence compared to
parental strains. The highest signal was observed in K. phaffii and further validated by
immunofluorescence microscopy. Functional assays demonstrated that K. phaffii cells dis-
playing GM-CSF stimulated TF-1 cell proliferation 1.41-fold compared to control yeast
lacking GM-CSEF. These results confirm both the successful surface display and preserved
biological activity of the cytokine. This work demonstrates the feasibility of engineering K.
phaffii to present active human GM-CSF on the cell surface. Surface display was efficient
and yielded biologically functional cytokine, as shown by fluorescence-based quantification
and TF-1 proliferation assays. The study highlights yeast surface display as a promising
platform for delivering therapeutic cytokines without requiring purification steps.

Keywords: Komagataella phaffii; Ogataea parapolymorpha; methylotrophic yeast; granulocyte-
macrophage colony-stimulating factor; surface display

1. Introduction

The development of innovative and effective strategies to enhance wound healing and
tissue regeneration remains a pressing challenge in modern medicine. Wound healing is a
complex, highly regulated process involving numerous cell types and molecular signals.
Polypeptide growth factors are central to this process, modulating key pathways such
as PI3K/AKT, RAS/MAPK, and JAK/STAT to promote cell proliferation, intercellular
communication, extracellular matrix formation, angiogenesis, epithelialization, and gran-
ulation tissue development [1,2]. However, the bioavailability of these factors at wound
sites is often limited due to reduced synthesis or rapid degradation, especially in chronic or
severe wounds [3].

Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a critical cytokine
in wound healing and immune modulation, detected in wound beds following acute
injury [4]. GM-CSF exerts diverse effects, including enhancing myofibroblast differentiation
and wound contraction, recruiting inflammatory cells, promoting epidermal proliferation,
and facilitating Langerhans cell migration [5-8]. Beyond wound repair, GM-CSF stimulates
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the proliferation and differentiation of hematopoietic stem cells, underscoring its role as a
potent immunostimulant [9]. Studies in GM-CSF-deficient animal models reveal impaired
healing, reduced immune cell recruitment, and diminished vascularization [10], while
local GM-CSF application significantly accelerates recovery [11,12]. Despite its therapeutic
promise, the high production costs and limitations of current expression systems restrict
GM-CSF’s broader application, particularly for chronic or combat-related wounds.

Recombinant GM-CSF has been produced in various platforms, including mammalian
cells, bacteria, yeasts, plant cells, and baculovirus systems [13-16]. However, these systems
often yield GM-CSF with deviations from the native human protein, such as altered gly-
cosylation, amino acid substitutions, or stability issues. Commercially available GM-CSF
from Saccharomyces cerevisiae is glycosylated but features a leucine-to-proline substitution at
position 23, while the Escherichia coli-derived version is non-glycosylated with an additional
N-terminal methionine [17]. Bacterial systems face challenges like inclusion body formation,
incomplete methionine cleavage, and misfolding, potentially increasing immunogenic-
ity [18-20]. Mammalian systems, though capable of proper glycosylation, are hampered by
GM-CSF cytotoxicity to host cells and contamination with endogenous factors [21].

Yeast-based expression systems offer a compelling alternative for cytokine production,
combining eukaryotic post-translational modifications with rapid growth on cost-effective
media and thereby reducing production costs. Promising results have been reported with
Yarrowia lipolytica, where secretion of GM-CSF under the control of the POX2 promoter
yielded up to 250 mg/L of the target cytokine in bioreactor cultures, and the purified
protein demonstrated clear biological activity [22]. Comparative studies of secreted GM-
CSF expression in Komagataella phaffii (formerly Pichia pastoris) and Saccharomyces cerevisiae
showed markedly higher productivity in K. phaffii (285 mg/L versus 64 mg/L), and the
protein purified from K. phaffii displayed substantially greater biological activity on the GM-
CSF-dependent TF-1 cell line than that obtained from S. cerevisiae [23]. In addition, strains
of K. phaffii have been engineered to secrete either recombinant human GM-CSF (100 mg/L)
or a chimeric GM-CSF fused to human apolipoprotein A-I (60 mg/L) in flask cultures, with
both forms retaining biological activity in cell-based assays [24]. Furthermore, in bioreactor
cultivation, a K. phaffii strain expressing GM-CSF under the constitutive GAP promoter pro-
duced up to 250 mg/L of the target cytokine in the culture supernatant [25]. Methylotrophic
yeasts are particularly attractive for GM-CSF expression because they possess the methanol-
inducible AOX1 promoter, one of the strongest eukaryotic promoters, together with a
well-established molecular toolkit including synthetic promoters, CRISPR/Cas9 systems,
and efficient secretion pathways [26,27]. Moreover, K. phaffii in particular can achieve very
high cell densities in bioreactors, often exceeding 100 g dry cell weight per liter, which pro-
vides a considerable advantage in terms of yield and scalability [28]. A limitation of yeast
systems is hyperglycosylation, which may alter protein function or immunogenicity [29].
Glycoengineering has addressed this by humanizing glycosylation patterns, enhancing ther-
apeutic protein production. In particular, humanized strains of S. cerevisiae [30], K. phaffii
[https:/ /pichia.com/try-pichia/try-pichia-glycoswitch/ (accessed on 14 September 2025)],
and O. parapolymorpha [31] have been constructed.

We utilized methylotrophic yeasts K. phaffii and O. parapolymorpha, both engineered
for human-like glycosylation, to produce recombinant GM-CSE. A key novelty of this work
is the first reported use of O. parapolymorpha for GM-CSF expression, along with the devel-
opment of yeast strains capable of displaying GM-CSF on the cell surface as a cost-effective
alternative to purified protein formulations. Nucleotide sequences encoding GM-CSF were
designed, and expression vectors were constructed for both secreted and surface-anchored
forms. Transformants were evaluated for protein production and localization. Our results
show that K. phaffii achieves a higher yield of secreted GM-CSF, while O. parapolymorpha
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produces a more biologically active form. Notably, this is the first demonstration that a
K. phaffii strain displaying GM-CSF on its surface presents functionally active cytokine, as
evidenced by TF-1 cell proliferation assays. The approach outlined here offers a promis-
ing platform for low-cost GM-CSF production to support the development of accessible
wound-healing therapies.

2. Materials and Methods
2.1. Molecular-Biology Techniques

Standard cloning techniques were used as described by [32]. Genomic DNA of yeasts
was isolated using the NucleoSpin® Tissue Kit (Macherey-Nagel, Duren, Germany). Restric-
tion endonucleases and DNA ligase (Thermo Fisher Scientific Baltics, Vilnius, Lithuania)
were used. Plasmid isolation from E. coli involved the Zyppy™ Plasmid Miniprep (Irvine,
CA, USA). PCR-amplification of the fragments of interest was achieved with Phusion
High-Fidelity DNA Polymerase (Thermo Fisher Scientific Baltics, Vilnius, Lithuania). PCRs
were obtained using a GeneAmp PCR System 9700 thermocycler (Applied Biosystems,
Foster City, CA, USA).

2.2. Plasmids and Strains

The human GM-CSF gene sequence (GenBank accession number M11220.1; https:
/ /www.ncbinlm.nih.gov/nuccore/M11220 (accessed on 14 September 2025)) was used as
the reference sequence. Codon optimization for K. phaffii was performed using the ATGme
online tool (http:/ /atgme.org/ (accessed on 14 September 2025)) to match the codon usage
preferences of the yeast genome (Figure S1).

For GM-CSF expression in K. phaffii, the base plasmid pPICZxB (Thermo Fisher
Scientific) was used. This vector contains the alcohol oxidase (AOX) promoter from K. phaffii,
which is methanol-inducible, and an S. cerevisiae «-factor secretion signal to direct GM-CSF
to the culture medium. A 6 x His tag was added to the N-terminus of the GM-CSF coding
sequence to enable purification by metal affinity chromatography. The resulting construct,
designated pKp-CSF, was synthesized by GenScript (www.genscript.com (accessed on
14 September 2025)) (Figure 1a).

To construct a vector for expression in O. parapolymorpha, the K. phaffii AOX promoter
in pKp-CSF was replaced with the O. polymorpha AOX promoter. The O. polymorpha AOX
promoter was amplified from genomic DNA of O. polymorpha NCYC 495 using primers
Ko1112 and Ko1113 (sequences of all used primers are shown in Table S1). The vector
backbone lacking the K. phaffii AOX promoter was amplified from pKp-CSF using primers
Ko1109 and Ko1110. Both fragments were digested with BglIl and Ascl and ligated at
the corresponding sites. In the next step, the zeocin resistance marker in the resulting
plasmid was replaced with a nourseothricin (NTC) resistance marker. The NTC marker
was amplified from pRS41N [33] using primers OK42 and OK43. The plasmid backbone
lacking the selection marker was amplified using primers SMF and SMR. PCR products
were digested with Ndel and ligated. The resulting construct, named pOp-CSF, carried the
GM-CSF gene under control of the O. polymorpha AOX promoter and an NTC resistance
marker (Figure 1b).

To improve secretion efficiency, the GM-CSF gene was flanked by flexible, glycine-
and serine-rich linker sequences. The linker-flanked GM-CSF variant was amplified using
primers Ko1428 and Ko1432 and cloned into EcoRI/Xbal sites of pKp-CSF and pOp-CSF,
replacing the native GM-CSF gene. The resulting constructs were designated pKp-CSF-GS
and pOp-CSE-GS (Figure 1c,d).

For cell-surface display, the GM-CSF coding sequence was fused to the GPI-anchor
domain derived from the C-terminus of the S. cerevisize SAG1 gene encoding x-agglutinin.
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Two GM-CSF variants, native and GS-flanked, both lacking stop codons, were amplified
from pKp-CSF using primer pairs Ko1424/Ko01433 and Ko1428/K01429, respectively. The
SAGI anchor fragment was amplified from genomic DNA of S. cerevisize S288C using
primers Ko1152 and Ko1153. Insert fragments were digested with EcoRI/Xbal (GM-CSF)
and Xbal/Sall (SAG1), and ligated into EcoRI/Sall-digested vectors pKp-CSF, pOp-CSF,
pKp-CSFE-GS, and pOp-CSF-GS. The resulting plasmids were designated pKp-CSF-SAGI1,
pOp-CSE-SAG1, pKp-CSF-GS-SAG1, and pOp-CSF-GS-SAG1 (Figure 1le-h). All constructed
plasmids were verified by sequencing. The nucleotide sequences of the target expression
cassettes from plasmids pKp-CSE, pOp-CSF, pKp-CSEF-GS, pOp-CSFE-GS, pKp-CSF-SAG1,
pOp-CSF-SAG1, pKp-CSF-GS-SAG1, and pOp-CSF-GS-SAG1 are shown in Figure S2. E.
coli DH5a [®80dlacZAM15, recAl, endAl, gyrA96, thi-1, hsdR17(r~ x m™ ), supE44, relAl,
deoR, A(lacZYA-argF) U169] was used for routine plasmid DNA cloning and propagation.
DH5« was grown at 37 °C in LB medium as described [32]. Transformed E. coli cells were
maintained in rich medium containing 50 mg/L of zeocin or 50 mg/L of NTC.

(a) pAOX_Kp | a_Sc |6xHis/hGM-CSF| tAOX_Kp [ZEcRI)

pKp-CSF
B%III As‘cl Nd‘el Ndel
(b)| pAOX_Op | a_Sc |6xHis|hGM-CSF| tAOX_Kp | Nat®
pOp-CSF
EcoRlI Xl?al
(c)| pAOX_Kp | a_Sc |6xHis| GS |hGM-CSF| GS | tAOX_Kp NZEoR»
pKp-CSF-GS
ECPR| Xb‘al
(d)| pAOX_Op | a_Sc |6xHis| GS |hGM-CSF| GS | tAOX_Kp | Nat®
pOp-CSF-GS
EcoRlI Xbal Sall

| |
(e) pAOX Kp | a_Sc [6xHis hGM-CsF ISSAGTNSEN tAOX _kp IZEsH)

pKp-CSF-SAG1

EcoRlI Xbal Sall

| | |
(f)[ pAOX_Op | a_Sc [6xHis hGM-CSF 3 5SAGL Sc) tAOX_Kp | Nat®
pOp-CSF-SAG1
EcoRlI Xbal Sall

(g) pAOX_Kp | a_Sc |6xHis| GS |hGM-CSF| GS tAOX_Kp

pKp-CSF-GS-SAG1

EcoRlI Xbal Sall

|
(h)[ pAOX_Op [ a_Sc |6xHis| GS |hGM-CSF| GS _ tAOX_Kp | Nat®
pOp-CSF-GS-SAG1

Figure 1. Linear scheme of plasmid (a) pKp-CSF, (b) pOp-CSEF, (¢) pKp-CSF-GS, (d) pOp-CSF-GS,
(e) pKp-CSF-SAGI, (f) pOp-CSF-SAG1, (g) pKp-CSE-GS-SAG1, and (h) pOp-CSF-GS-SAG1. Promoter
and terminator of the AOX K. phaffii are indicated as blue boxes; promoter of the AOX O. polymorpha—
as pink box; human GM-CSF—as gray box; glycine- and serine-rich linkers—as dark gray boxes; S.
cerevisiae o-factor secretion signal and 6 x His tag—as green boxes; 3' SAG1 S. cerevisise—red boxes;
selective markers ZeoR and NatR—as dark blue and orange boxes, respectively.

Plasmids for K. phaffii transformation (pKp-CSFE, pKp-CSF-GS, pKp-CSF-SAG1, and
pKp-CSF-GS-SAG1) were linearized using Sacl and transformed into the K. phaffii Gly-
coSwitch SuperManb strain (https://pichia.com/try-pichia/try-pichia-glycoswitch/ (ac-
cessed on 14 September 2025)). Transformation of K. phaffii by electroporation was per-
formed following the standard protocol described in the Pichia manuals from Invitrogen.
Transformants were selected on YPD agar plates supplemented with 500 ug/mL zeocin.
Plasmids for O. parapolymorpha transformation (pOp-CSF, pOp-CSF-GS, pOp-CSF-SAG1,
and pOp-CSF-GS-SAG1) were linearized with BglIl and transformed into the O. para-
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polymorpha (former Hansenula polymorpha) DL1-g24Sm strain [31]. Transformation of the
yeast O. parapolymorpha by electroporation was carried out as described previously [34].
Transformants were selected on YPD agar plates containing 300 ug/mL NTC.

Transformant stabilization was achieved by alternating 15-20 generations of cultiva-
tion in non-selective and selective media. The resulting stable strains, including Kp-CSF,
Kp-CSFE-GS, Kp-CSF-SAG1, Kp-CSF-GS-SAG1, Op-CSF, Op-CSF-GS, Op-CSF-SAG1, and
Op-CSF-GS-SAG1, were verified by colony PCR using primers Ko1424 and Ko1427 to
confirm the presence of the GM-CSF gene.

2.3. Cultivation Condition of Engineered K. phaffii and O. parapolymorpha

To induce GM-CSF secretion, yeast strains K. phaffii GlycoSwitch SuperMan and its
derivatives Kp-CSF and Kp-CSF-GS were pre-cultured from fresh agar plates in YPG
medium (0.5% yeast extract, 1% peptone, 1% glycerol) for 24 h. Cultures were then inocu-
lated at a starting OD600 of 5.0 into 100 mL of YPM medium (0.5% yeast extract, 1% peptone,
1% methanol) or mineral YNB medium (0.67% Yeast Nitrogen Base and 1% methanol) in
300 mL Erlenmeyer flasks and incubated at 30 °C for 120 h with shaking at 200 rpm.
Methanol was supplemented every 24 h to a final concentration of 1%. O. parapolymorpha
strain DL1-g24Sm and its derivatives Op-CSF and Op-CSE-GS were pre-cultured under
similar conditions in YPD medium (0.5% yeast extract, 1% peptone, 2% glucose) and in-
oculated into YPM or YNB at a starting OD600 of 15. Cultures were grown in 100 mL
YPM or YNB in 300 mL Erlenmeyer flasks at 37 °C with shaking for 120 h. Cells were
harvested by centrifugation, washed twice with PBS, and pelleted. The culture medium
was supplemented with 1 mM PMSE. Both cell pellets and culture supernatants were stored
at —80 °C for further analysis. To induce cell surface immobilization of GM-CSF, strains
Kp-CSF-SAG1, Kp-CSF-GS-SAGI1 (K. phaffii) and Op-CSF-SAG1, Op-CSF-GS-SAG1 (O. para-
polymorpha) were cultivated in YPM or YNB with 1% methanol for 72 h at 30 °C and 37 °C
with starting OD600 of 0.3. Cells were washed three times with sterile PBS buffer. Aliquots
of 100 pL of cells at OD600 of 100 were heat-inactivated by incubation at 60 °C for 10 min
(K. phaffii) or twice for 15 min (O. parapolymorpha). Complete inactivation was confirmed by
plating 30 pL of treated cells onto YPD agar to ensure the absence of growth. Inactivated
cells were stored at —80 °C for further analysis. Cell biomass of yeast was determined
with a Helios Gamma spectrophotometer (OD, 600 nm; cuvette, 10 mm) turbidimetrically
with gravimetric calibration. A conversion factor of 1 OD600 = 5 x 107 cells/mL was
used to calculate yeast cell numbers as described in Pichia pastoris expression kit manual
from Invitrogen.

2.4. Biochemical Methods

Total cell extracts were prepared for immunoblotting as previously described [35]. For
detection of secreted GM-CSF in the culture medium, proteins from 1.5 mL of culture su-
pernatant were precipitated by the addition of 200 uL of 100% trichloroacetic acid, followed
by incubation at —80 °C for 30 min. Precipitated proteins were pelleted by centrifugation
(10 min at 16,000 g, room temperature), washed twice with ice-cold 80% acetone, air-dried,
and resuspended in 50 pL of 1x SDS sample buffer. For analysis of concentrated GM-CSF in
the medium, 50 pL of culture medium was mixed with 50 pL of 2x SDS sample buffer. All
samples were boiled for 5 min. SDS-polyacrylamide gel electrophoresis was performed as
described [36], and Western blotting was carried out according to established methods [37].
Proteins were detected using an enhanced chemiluminescence kit (LumiGO ECL Substrate
Kit, Cleaver Scientific, Rugby, UK) following incubation with a polyclonal anti-GM-CSF
antibody (Invitrogen). For deglycosylation, 10 ng of GM-CSF purified from the culture
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medium was treated with 2 uL. of PNGase F (New England Biolabs, Ipswich, MA, USA)
and incubated at 37 °C for 4 h, following the manufacturer’s instructions.

2.5. Purification

Proteins secreted into the culture medium and harvested after 120 h of cultivation
were concentrated 50-fold using a Vivaspin 20 centrifugal concentrator (10,000 MWCO, PES
membrane). Protein purification was performed by metal affinity chromatography. The
concentrated medium was mixed with NEBExpress Ni Resin (1 mL of medium with 300 pL.
of 50% Ni Resin suspension), and binding was carried out at 4 °C for 18 h with gentle
agitation. Purification was performed using NEBExpress Ni Spin Columns according to
the manufacturer’s instructions. Bound proteins were eluted using 300 mM imidazole.
The eluate was dialyzed for 18 h against 50 mM potassium phosphate buffer (pH 7.5)
using a dialysis membrane with gentle stirring at 4 °C. The purified protein was sterilized
by filtration through a 0.2 um Minisart RC 4 membrane filter and stored at —80 °C for
subsequent Western blot analysis and bioactivity assay. The concentrations of GM-CSF were
measured spectrophotometrically by UV absorption at a wavelength of 280 nm, considering
their molar extinction coefficients.

2.6. Immunofluorescent Assay

For immunofluorescence labeling, 200 uL of cells at OD600 of 1.0 were incubated with
primary antibodies against GM-CSF (GM-CSF Polyclonal Antibody, Invitrogen, Carlsbad,
CA, USA) at a 1:400 dilution for 3 h. The cell suspension was washed three times with
PBS and then incubated with fluorescently labeled secondary antibodies (Anti-Rabbit IgG
(H+L), CF488A, Sigma-Aldrich, St. Louis, MO, USA) at a 1:400 dilution for 2 h. Follow-
ing incubation, cells were washed three more times with PBS. Fluorescence imaging was
performed using a fluorescence microscope (Axio Imager Al, Carl Zeiss Microlmaging,
Jena, Germany) equipped with a monochrome digital camera (AxioCam MRm, Carl Zeiss
Microlmaging, Jena, Germany). Images were processed using AxioVision 4.5 software (Carl
Zeiss Microlmaging) and Image]J 1.53. For quantitative assessment of GM-CSF immobiliza-
tion on the cell surface, fluorescence intensity was measured using a spectrofluorometer
(RF-6000, Shimadzu, Kyoto, Japan) at excitation and emission wavelengths of 490 nm and
515 nm, respectively. Fluorescence was measured in an aqueous suspension of labeled cells
adjusted to OD600 of 0.2.

2.7. Bioactivity of GM-CSF

Purified rhGM-CSF from each yeast species was added to 7.5 x 10* cells/mL of TF-1 (a
GM-CSF dependent cell line) in RPMI plus 10% FBS and 2 mM L-glutamine to obtain a final
GM-CSF concentration 20 ng/mL. Final concentration of yeast cell was 1.5 x 107 cells/mL.
200 pL of each combination was aliquoted into a 96-well plate and cultured for 72 h in
a 5% CO2 incubator. The proliferation of TF-1 cells was measured by using a CCK-8 kit
(Sigma-Aldrich, St. Louis, MO, USA) at OD 450 nm according to the manufacturer’s
instructions. Negative controls were performed with TF-1 cells cultured without GM-CSE.
Positive control was performed with TF-1 cells cultured with 3.5 ng/mL of thGM-CSF
(Sigma-Aldrich, St. Louis, MO, USA). All measurements were performed in triplicate and
average values were reported.

2.8. Statistical Analysis

The results were analyzed with GraphPad Prism 8 and 9 and are presented as a mean
(M) =+ standard deviation (SD) of three independent experiments (n = 3) carried out in
triplicate. A statistical evaluation was performed using two-way ANOVA analysis. A
p-value of <0.05 was considered statistically significant.
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3. Results and Discussion
3.1. Design of GM-CSF Expression Vectors and Generation of Recombinant Yeast Strains

To enable the expression of human GM-CSF in methylotrophic yeasts, we designed
codon-optimized nucleotide sequence and constructed vectors for both secreted and surface-
displayed forms of the protein. Expression in K. phaffii was driven by the methanol-
inducible AOX promoter, and vectors included an S. cerevisiae x-factor secretion signal at
the N-terminus, along with a 6 x His tag for purification (Figure 1a). For O. parapolymorpha,
the AOX promoter from closely related yeast species O. polymorpha and a nourseothricin
resistance marker were used (Figure 1b). To enhance secretion efficiency, flexible glycine—
serine linkers were incorporated at both ends of the GM-CSF coding sequence, yielding
GS-tagged constructs for both yeast species (Figure 1c,d). For surface immobilization, the
GM-CSF variants were fused in-frame with the C-terminal domain of the S. cerevisiae cell
wall protein x-agglutinin (Sagl), enabling GPI-anchor-mediated localization (Figure 1e-h).
All plasmids were sequence-verified and transformed into glycoengineered yeast strains
with humanized N-glycosylation profiles: K. phaffii SuperMan5 and O. parapolymorpha
DL1-g24Sm. Stable integrants were selected and verified via colony PCR. Between 10 and
20 colonies of each type of transformant were analyzed to identify those with the highest
levels of target protein secretion or surface immobilization. The selected strains were
designated as Kp-CSF, Kp-CSF-GS, Op-CSFE, and Op-CSE-GS for protein secretion, and
as Kp-CSF-SAG1, Kp-CSF-GS-SAG1, Op-CSF-SAGI1, and Op-CSF-GS-SAGI1 for surface
display of GM-CSE. These strains were used for subsequent studies.

3.2. GM-CSF Secretion by Engineered Yeast Strains

The Kp-CSF and Op-CSF transformants were cultivated under methanol induction in
YPM or YNB medium, and GM-CSF expression was analyzed in both culture supernatants
and cell extracts. In initial experiments, the recombinant GM-CSF remained intracellular,
with no secretion observed in both yeast species (Figure 2a,b). Incorporation of glycine-
serine linkers led to a marked improvement in secretion, likely due to reduced steric
hindrance and improved folding of the recombinant protein. The GS-tagged variants of
the secreted protein in strains Kp-CSF-GS and Op-CSF-GS yielded 15 mg/L and 3 mg/L,
respectively. Comparatively, K. phaffii strain Kp-CSF-GS secreted noticeably more GM-CSF
than O. parapolymorpha strain Op-CSF-GS under identical induction conditions. This finding
is consistent with the well-documented higher secretion capacity of K. phaffii, which benefits
from a robust secretory pathway and efficient ER-to-Golgi trafficking mechanisms [38].
Despite the secretion of the target protein into the culture medium, a significant portion of
GM-CSF remained inside the cells. Further work is needed to improve GM-CSF secretion;
however, the amount of secreted protein was sufficient for us to perform bioactivity assays
and compare it with yeast cells displaying the cytokine on their surface.

1. 2-3 K ) 8. 4 122273 s SRR ]
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Figure 2. Western-blot analysis of cell extracts Kp-CSF (1), Kp-CSF-GS (3), and culture supernatants
Kp-CSF (2), Kp-CSF-GS (4) of K. phaffii (a); cell extracts Op-CSF (1), Op-CSF-GS (3), and culture
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supernatants Op-CSF (2), Op-CSF-GS (4) of O. parapolymorpha (b); purified recombinant GM-CSF
secreted into the culture: hGM-CSF (Sigma) (1), from Kp-CSF-GS (2), and from Op-CSF-GS (3) (c);
GM-CSF samples purified from the culture media of K. phaffii Kp-CSF-GS (1) and O. parapolymorpha
Op-CSF-GS (2) before PNGase F treatment, and after treatment (3 and 4, respectively) (d). Minor
differences in banding patterns between Figure 2¢ (lanes 2 and 3) and Figure 2d (lanes 1 and 2) can
be attributed to variation in the amount of protein loaded and differences in SDS-PAGE running
time. The molecular weight marker is shown on the left in kDa. Anti-GM-CSF polyclonal antibody
(Invitrogen) was used for Western-blot. Glycosylated forms of GM-CSF are indicated by blue arrows,
whereas the nonglycosylated form is indicated by a black arrow.

3.3. Purification and Analysis of Secreted GM-CSF

For protein purification, we chose to cultivate the yeast strains in YPM medium.
Concentration of the mineral-based YNB medium resulted in the precipitation of mineral
salts, which interfered with further concentration of the culture supernatant. Recombi-
nant GM-CSF secreted into the culture YPM medium was purified using nickel-affinity
chromatography under native conditions via its N-terminal His-tag. Western-blot analysis
of GM-CSF from K. phaffii revealed a dominant band at ~19 kDa, corresponding to the
expected molecular weight of GS-tagged variants of GM-CSF (Figure 2c). Additionally,
we observed a smear resulting from heterogeneous glycosylation. The spots pattern of
GM-CSF on the PVDF membrane shows that GM-CSF was glycosylated in a wide extent of
19 to 50 kDa. A similar pattern of glycosylated rhGM-CSF (28 kDa to >43 kDa) was previ-
ously reported in heterologous expression using P. pastoris by Tran et al. [23]. Recombinant
GM-CSF from O. parapolymorpha exhibited smeared forms ranging from ~30 to ~50 kDa
(Figure 2c). There are two N-linked and four O-linked glycosylation sites in hGM-CSF
which are known as the reason of heterogeneous glycosylation in the expression of this
protein by yeasts [23]. After treatment of purified GM-CSF from the culture media of K.
phaffii and O. parapolymorpha with PNGase F, the high-molecular-weight smear shifted to a
distinct band at approximately 19 kDa, as shown in Figure 2d. The heterogeneous glyco-
sylation in our glycoengineered K. phaffii SuperMan5 and O. parapolymorpha DL1-g24Sm
derivative strains, designed for humanized N-glycosylation profiles, likely enhances GM-
CSF stability and solubility, as reported for other humanized yeast-expressed proteins [29].
However, residual heterogeneity in glycosylation may still impact receptor-binding affinity,
potentially modulating GM-CSF bioactivity in these strains [22]. These results highlight the
potential of glycoengineered yeasts for producing therapeutically relevant GM-CSF while
indicating areas for further optimization of glycosylation profiles. Comparative analysis
of wild-type and humanized yeast strains, together with deglycosylation assays, will be
important to clarify the glycosylation status of recombinant GM-CSE.

3.4. Surface Display of GM-CSF

Fluorescence analysis was conducted for the K. phaffii and O. parapolymorpha strains
Kp-CSF-SAG1 and Op-CSF-SAG1 expressing GM-CSF-SAG1. The fluorescence intensity
of these strains was indistinguishable from that of the corresponding parental strains
(Figure 3a). In contrast, the strains Kp-CSF-GS-SAG1 and Op-CSF-GS-SAG1 exhibited
2.2- and 1.3-fold increases in fluorescence, respectively, compared to their parental coun-
terparts (Figure 3a). In immunofluorescence analysis, the parental strains displayed fluo-
rescence levels comparable to autofluorescence (cells without antibody treatment or with
secondary antibody only), confirming the specificity of antibody binding to the target
epitope. Strains Kp-CSF-GS-SAG1 and Op-CSF-GS-SAG1 showed 1585 and 204 fluores-
cence units (FU), respectively, after subtraction of autofluorescence (Figure 3a). Due to the
relatively modest increase observed for Op-CSF-GS-SAG1, further analysis was focused on
Kp-CSF-GS-SAGL. Surface localization of GM-CSF was confirmed by indirect immunofluo-
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rescence microscopy, with a detectable fluorescence signal in approximately 40-50% of the
cells, indicating successful display via the GPI-anchor (Figure 3b—e). The K. phaffii strain
expressing GM-CSF-GS-SAGI in YNB medium exhibited the highest fluorescence signal,
reaching 1585 FU (Figure 3a). When cultivated in YPM medium, the same strain showed
947 FU, suggesting that defined media such as YNB may enhance surface anchoring or
improve accessibility of the displayed cytokine (Figure 3a). This surface display approach
offers a purification-free alternative for GM-CSF delivery and may serve as a platform for
direct interaction with target immune cells.

1585 FU
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= %

'/Primary anti-

. GM-CSF antibodies

K. phaffii

Figure 3. Fluorescence of K. phaffii Kp-CSF-SAG1, Kp-CSF-GS-SAG1, and O. parapolymorpha Op-
CSF-SAGI1 and Op-CSF-GS-SAGTL strains, together with corresponding controls Kp-C (K. phaffii
SuperMan5) and Op-C (O. parapolymorpha DL1-g24Sm), grown on methanol-supplemented rich
(YPM) and synthetic (YNB) media and analyzed using an RF-6000 spectrofluorometer (Shimadzu)
at excitation/emission wavelengths of 490/515 nm (a). Autofluorescence values (cells without
antibody treatment or treated with secondary antibody only) are indicated as horizontal lines for
strains of both species. Schematic representation of GM-CSF surface display in yeast (b), and
fluorescence microscopy images of K. phaffii strains SuperManb (c), Kp-CSE-GS (d), and Kp-CSF-GS-
SAGI (e) grown on methanol-supplemented YNB medium. All samples were labeled with primary
anti-GM-CSF antibodies followed by CF™ 488A-conjugated secondary antibodies.

3.5. Biological Activity of Secreted and Surface-Displayed GM-CSF

To assess the biological activity of recombinant GM-CSF, we performed proliferation
assays using the human erythroleukemic TF-1 cell line, which is dependent on GM-CSF for
survival and growth. Purified GM-CSF from O. parapolymorpha induced a 172% increase
in TF-1 proliferation at a concentration of 20 ng/mL, whereas GM-CSF from K. phaffii
induced a more modest 113% increase (Figure 4). The difference in biological activity likely
stems from a combination of factors, including host-specific glycosylation patterns, protein
folding efficiency, proteolytic processing, and polymerization tendencies. O. parapolymorpha
may produce GM-CSF with glycosylation closer to human-like structures, better preserv-
ing receptor-binding sites, while K. phaffii’s higher secretion may lead to misfolding or
aggregation, reducing bioactivity.

Interestingly, heat-inactivated K. phaffii cells displaying GM-CSF on their surface
stimulated TF-1 cell proliferation by 239% when applied at a ratio of 200 yeast cells per one
TF-1 cell (Figure 4). This response exceeded that observed with purified GM-CSE, likely
due to the high local density and multivalent presentation of cytokine on the cell surface
enhancing receptor clustering and downstream signaling. Notably, control yeast cells
lacking GM-CSF also induced TF-1 proliferation (170%). Thus, K. phaffii cells displaying GM-
CSF increased TF-1 cell proliferation by 1.41-fold compared to control yeast lacking GM-CSFE.
The induction of TF-1 cell proliferation by control yeast cells may result from nonspecific
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interactions between yeast cell wall components, particularly mannoproteins and 3-glucans,
and TF-1 cells. Yeast mannoproteins can mimic pathogen-associated patterns and engage
pattern recognition receptors, potentially activating signaling cascades that support cell
survival or proliferation [39]. A minor turbidity of the medium may have originated from
heat-inactivated yeast cells; however, comparison with the control strain demonstrated that
the effect was specifically due to surface-displayed GM-CSF.
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Figure 4. Cell proliferation of TF-1 cells under the effect of the studied samples treated for 72 h.
The negative control consisted of TF-1 cells cultured without supplementation and was set as 100%.
The positive control included cells cultured with 3.5 ng/mL GM-CSF (Sigma). The proliferation of
TF-1 cells was measured using a CCK-8 kit, in which the water-soluble tetrazolium salt (WST-8) is
reduced by cellular dehydrogenases to produce a soluble colored formazan. The CCK-8 assay data
are expressed as a percentage of the control (non-treated) group and presented as the mean + SD
(n = 4-6).

3.6. Implications and Future Directions

These results demonstrate that glycoengineered K. phaffii and O. parapolymorpha strains
can be used to produce both secreted and surface-anchored forms of human GM-CSF with
measurable biological activity. Among the tested configurations, only constructs flanked by
glycine-serine (GS) linkers enabled both efficient secretion and successful surface display
of GM-CSE. In contrast, non-flanked constructs failed to support detectable secretion or
anchoring of the cytokine on the yeast cell surface. The flexible GS linkers likely reduce
steric hindrance and promote proper folding and trafficking of the recombinant protein,
facilitating its translocation through the secretory pathway and presentation on the cell
membrane [40].

To further improve performance, we propose several future directions. Since the
majority of the target protein remained intracellular, cultivating the yeast in the presence of
non-ionic detergents such as Tween 20 or Tween 80 may enhance GM-CSF secretion [41].
Increasing the gene copy number of GM-CSF in yeast strains may raise expression levels,
particularly for surface-anchored forms. Replacing the inducible AOX promoter with the
constitutive GAP promoter may simplify cultivation and yield more stable expression.
Additionally, co-expression of protein folding chaperones such as Pdil and Kar2 could
reduce aggregation within the endoplasmic reticulum and enhance secretion [42]. Beyond
bioproduction, it would be of interest to test the immunomodulatory and regenerative
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effects of surface-displayed GM-CSF in animal models of wound healing, such as mouse
skin injury systems. Such studies would help to validate the therapeutic potential of the
yeast-based GM-CSF delivery system in vivo.

4. Conclusions

Yeast GM-CSF producers were constructed based on K. phaffii and O. parapolymorpha
strains engineered for humanized protein glycosylation patterns. A K. phaffii strain was
developed in which GM-CSF was displayed on the cell surface. The biological activity of
this strain was confirmed, as its addition stimulated the proliferation of GM-CSF-dependent
erythroblasts of the TF-1 line by 239%.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/applmicrobiol5030098/s1, Figure S1. Codon optimization of
GM-CSF nucleotide sequence for enhanced expression in methylotrophic yeasts, Figure S2. The
nucleotide sequences of the target expression cassettes from the plasmids pKp-CSE, pOp-CSF, pKp-
CSFE-GS, pOp-CSE-GS, pKp-CSF-SAG1, pOp-CSF-SAG1, pKp-CSF-GS-SAG1, and pOp-CSE-GS-SAGI.
Promoter and terminator of the AOX K. phaffii are indicated as blue type; promoter of the AOX O.
polymorpha—as orange type; human GM-CSF—as grey type; glycine- and serine-rich linkers—as
violet italic type; S. cerevisiae a-factor secretion signal—as green type; 6 x His tag—as green bold
type; 3' SAGL S. cerevisiae—red boxes; start ATG and stop TAA codons—bold, Table S1. List of
primers used in this study (restriction sites are underlined).
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