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A B S T R A C T

While Pichia pastoris has been developed into a versatile recombinant protein expression system, there are only
few studies that have investigated the efficacious use of this yeast with human cells. In this study, we demon-
strated that P. pastoris can be cultured under mammalian cell culture conditions and co-cultured with human
endothelial cells. Co-cultures did not affect endothelial cell morphology or viability. Additionally, P. pastoris was
induced to express enhanced green fluorescence protein when co-cultured with human endothelial cell line
EA.hy926 under mammalian cell culture conditions. Our study provides data to support the use of P. pastoris as a
vehicle for direct delivery of recombinant proteins to mammalian cells during co-culture.

1. Introduction

The methylotrophic yeast Pichia pastoris has been engineered to
produce over five thousand recombinant proteins according to pichia.
com. Its popularity is due to several factors. P. pastoris has the ability to
post-translationally modify proteins and can grow to high cell densities.
Genetic modifications, which includes plasmid transformation and gene
knockouts, to this yeast are also accomplished relatively easy.
Furthermore, the yeast's promoter systems have been enhanced, and its
secretion capabilities have been improved. Along with an increasing
number of available vectors and strains (Ahmad et al., 2014; Juturu and
Wu, 2018), the aforementioned factors help contribute to the versatility
of P. pastoris as a protein expression system.

Recombinant proteins expressed in P. pastoris have been used to
study structure and function or as therapeutic agents (Juturu and Wu,
2018). Such applications require that the heterologous protein be
purified. Improvements to the secretory capability of P. pastoris com-
bined with low secretion of its own endogenous proteins reduce the
difficulty of purifying secreted recombinant peptides. However, pur-
ification can be time consuming, costly, and result in reduced protein
yields (Potvin and Zhang, 2012). More recent developments in the use
of whole cell yeasts as a vaccine delivering system (Ardiani et al., 2010;
Kim et al., 2014) suggest a plausible use of recombinant proteins that
do not require purification from the host expression system.

Because therapeutic proteins have been produced and secreted
successfully by P. pastoris (Corchero et al., 2013; Meehl and Stadheim,
2014), we are interested to determine whether this yeast has the

potential to serve as a carrier organism, delivering heterologous pro-
teins directly to cultured cells without purification. In this role, the
yeast is co-cultured with mammalian cells so that its recombinant
proteins are secreted into a medium shared with the higher eukaryote.
P. pastoris serves as a potentially good candidate because it is able to
produce and secrete recombinant protein while secreting very little of
its own endogenous proteins (Cereghino and Cregg, 2000). Certain
proteins made in this system have been classified as generally regarded
as safe (GRAS) for food ingredients by the Food and Drug Administra-
tion (Ciofalo et al., 2006; Thompson, 2010). While many microbial
species have been investigated for their use as probiotics (Didari et al.,
2014; Kerry et al., 2018), not much is known about the interactions
between P. pastoris and human cells. Due to the plausible uses of P.
pastoris as a protein delivery system in the human body, we believe that
investigations into protocols that allow P. pastoris and mammalian cells
to be co-cultured are warranted. The human endothelial cell line,
EA.hy926 (Edgell et al., 1983), was chosen for these studies. We pur-
sued a set of experiments to characterize the interactions between P.
pastoris and human endothelial cells and developed a protocol to ex-
press enhanced green fluorescent protein (EGFP) in P. pastoris while
cultured with human endothelial cells.

2. Methods

2.1. Cell culture

Wild type P. pastoris (JC100) and JC100 containing plasmid pKS1
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(JC100::pKS1), which expresses EGFP under the control of the alcohol
oxidase 1 (AOX1) promoter, were used in our work. The construction of
pKS1 was described previously (Li et al., 2010). Cultures were grown in
yeast peptone dextrose (YPD, 1% yeast extract, 2% peptone, 2% glu-
cose) at 30 °C in a shaking incubator. Cells were counted by measuring
the absorbance at 600 nm and calculated as an OD600 of 1.0 equal to
5× 107 cells/mL (Asada et al., 2011).

The human endothelial cell line EA.hy926 (ATCC, Manassas, VA)
was cultured using low glucose (1 g/mL) Dulbecco's Modified Eagle's
Medium (Gibco, Invitrogen, Carlsbad, CA) supplemented with 10%
fetal bovine serum (FBS) and 100 units/mL penicillin and 100 μg/mL
streptomycin in a 37 °C humidified incubator under 95% air and 5%
CO2. We will refer to this culture medium as complete DMEM
throughout this manuscript. Stock cultures of EA.hy926 were grown in
100mm tissue-culture coated petri dishes (Greiner Bio-One, Monroe,
NC). Cells were subcultured in either 12-well or 96-well tissue-culture
coated, flat-bottom plates for respective experiments. The 12-well
plates have a growth area of 3.9 cm2 per well (Greiner Bio-One,
Monroe, NC) and 2mL complete DMEM per well was used to culture
EA.hy926. The 96-well plates have a growth area of 0.32 cm2 per well
(Greiner Bio-One, Monroe, NC) and 100 μL complete DMEM per well
was used to culture EA.hy926.

Endothelial cells were counted with a hemocytometer using the
following procedure. All solutions were warmed to 37 °C. After aspir-
ating the culture medium, each well was washed with phosphate buf-
fered saline (PBS). Cells were lifted with trypsin-EDTA solution (2.5 g/L
porcine trypsin plus 0.2 g/L EDTA in Hanks' balanced salt solution with
phenol red, MilliporeSigma, St. Louis, MO) and neutralized with com-
plete DMEM. Gentle pipetting with a 10mL serological pipette was used
to create a homogenous mixture of suspended cells. The suspended cells
(50 μL) were added to 50 μL of trypan blue (0.4% trypan blue prepared
in 0.81% sodium chloride and 0.06% potassium phosphate, diabasic,
MilliporeSigma, St. Louis, MO) and cells were counted with a hemo-
cytometer. Suspensions were prepared in trypan blue two times, and
each suspension of cells were counted twice.

2.2. Growing P. pastoris using mammalian cell culture conditions

A starter culture of P. pastoris was prepared in YPD at 30 °C over-
night. This culture (5×104 cells) was resuspended in 3.0 mL of either
YPD or complete DMEM. Cultures were incubated under non-shaking
conditions at 30 °C or 37 °C. The cell population from each growth
condition was counted by measuring the absorbance at 600 nm after 24,
48, 72, and 96 h.

2.3. P. pastoris and endothelial cell co-cultures

For co-culturing EA.hy926 with P. pastoris, the endothelial cells
were first seeded into 12-well plates (1.0 mL complete DMEM con-
taining 1×105 cells per well) and allowed to grow for 24 h. The en-
dothelial cells were then co-cultured with 5× 102, 5×103, or 5×104

yeast cells/mL in a final volume of 1mL per well. Yeasts were prepared
by harvesting an overnight culture grown in YPD at 30 °C. P. pastoris
cells were centrifuged for five minutes at 2000 x g, and the pellet was
resuspended in complete DMEM at concentrations mentioned above.
The complete DMEM was aspirated from the 24 h EA.hy926 culture and
replaced with the freshly made complete DMEM containing P. pastoris
at the designated concentrations. The co-cultures were grown in a hu-
midified CO2 (5%) incubator at 37 °C. Endothelial cell morphology and
proliferation were analyzed at 24, 48, and 72 h after co-incubation.

2.4. EA.hy926 morphology and actin

The morphology of EA.hy926 that was cultured with P. pastoris was
analyzed using bright field microscopy (Leica DMi1). The co-culture
was carried out in 12-well plates as described above. The complete

DMEM was removed and cells were gently washed three times with
PBS. Pictures were taken with cells in PBS.

The actin of EA.hy926 was analyzed using confocal microscopy
after staining with Alexa Fluor® 647 phalloidin (Life Technologies,
Eugene, OR). EA.hy926 (1× 105 cells/mL, 500mL complete DMEM)
was subcultured into each chamber of a 35mm, 4-chamber glass
bottom dish (No.1.5 glass, Cellvis, Mountain View, CA). P. pastoris was
prepared by resuspending an overnight culture in complete DMEM
(37 °C) to a final concentration of 5×104 cells/mL. After 24 h of cul-
ture, the complete DMEM from the endothelial cells was aspirated and
replaced with the prepared complete DMEM containing P. pastoris
(500mL). After 72 h of co-culture, cell medium was removed and cells
washed three times with PBS. Cells were fixed with 3.7% formaldehyde
in PBS for 10min at room temperature and then washed three times
with PBS. Triton X-100 (0.1%) was added for five minutes and cells
were washed three times with PBS. Cells were then incubated (20min
at room temperature) with Alexa Fluor® 647 phalloidin (1 unit/mL),
followed by a five minute incubation in 300 nM 4′, 6-diamidino-2-
phenylindole (DAPI). Cells were washed three times with PBS and
images were acquired using confocal microscopy (Leica TCS SPE con-
focal microscope). To demonstrate the disruption of actin, EA.hy926
was subcultured at 37 °C, humidified CO2 (5%) incubator for 24 h in the
four-chamber glass bottom dishes as mentioned above. Cells were then
transferred to a 42 °C, humidified CO2 (5%) incubator for 2 h, modified
from Tazawa et al. (Tazawa et al., 2015). Staining and imaging of actin
was carried out as described above.

2.5. Endothelial cell proliferation

The proliferation of endothelial cells co-cultured with P. pastoris was
assessed using a cell proliferation assay kit based on WST-1 (Abcam,
San Francisco, CA). EA.hy926 (5×103 cells in 100 μL complete
DMEM) were cultured overnight and then co-cultured with 20, 200, or
2000 P. pastoris cells for 72 h. To perform the assay, cells were washed
with PBS to remove P. pastoris. Fresh complete DMEM (100 μL) con-
taining WST-1 reagent (10 μL) was carefully added into each well.
Complete DMEM (100 μL) plus WST-1 reagent (10 μL) was used as a
blank. The plate was incubated at 37 °C in a humidified CO2 (5%) in-
cubator. Formazan formation was assayed at 1.5, 3.0, and 4.5 h. The
reaction between mitochondrial dehydrogenase and the WST-1 reagent
led to the formation of formazan dye. Absorbance of the formazan dye
was measured using a plate reader set to 450 nm.

Fig. 1. Growth of P. pastoris cultured under various conditions. Temperature
(30 °C and 37 °C) and culture media (YPD and complete DMEM) were analyzed.
Cells cultured in YPD at 30 °C had significantly higher growth at 24, 48, 72 and
96 h compared to the other culture conditions. There was differences in growth
under other conditions but the differences were not significant. Values are re-
ported as mean ± standard deviation. Comparisons of growth at each collec-
tion time was analyzed using one-way ANOVA followed by a Bonferroni post
hoc test (*, p < 0.05, n=6).
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2.6. GFP expression

To determine if P. pastoris can express EGFP while co-cultured with
EA.hy926, JC100 expressing EGFP under the control of the AOX1
promoter (JC100::pKS1) was cultured overnight in YPD at 30 °C in a
shaking incubator. The overnight culture was then transferred to glu-
cose-free DMEM (Gibco, Invitrogen, Carlsbad, CA) that was supple-
mented with 0.5% methanol to a final OD600 of 1.0. The suspension of
yeast cells (4.0 mL) was added to cultured endothelial cells. EA.hy926
were prepared by seeding 2.0×105 cells/mL in complete DMEM (final
volume of 4.0 mL) into 60mm dishes (Greiner Bio-One, Monroe, NC).
The dishes have a growth area of 21 cm2. The endothelial cells were
cultured for 24 h. After 24 h, the complete DMEM was aspirated and the
endothelial cells were washed three times with 37 °C PBS. P. pastoris
JC100::pKS1 in glucose-free DMEM plus 0.5% methanol (4.0 mL),
prepared above, was warmed to 37 °C and added to the endothelial
cells. Inductions of EGFP expression were carried out under nonshaking
conditions at either 30 °C or 37 °C in a humidified 5% CO2 incubator for
24 h. To collect P. pastoris, the 60mm dishes were gently swirled to
resuspend the yeast cells. The glucose-free DMEM was collected and
centrifuged (2000 x g for 5min) to pellet P. pastoris. Pellets were wa-
shed once with PBS and resuspended in 500mL of PBS.

EGFP expression was detected using a Leica TCS SPE confocal mi-
croscope. P. pastoris suspended in PBS was briefly vortexed. This mix-
ture (7.0 uL) was added a coverslip (24x50mm, No. 1.5, Globe
Scientific, Mahwah, NJ) and covered with a glass coverslip (20x20mm,
No. 2, Globe Scientific, Mahwah, NJ). Images were captured using 10×
and 63× oil immersion objectives (Leica TCS SPE confocal micro-
scope).

2.7. NF-κB activation assay

We used HEK-Blue Null one cells (Invivogen, San Diego, CA) to
assay the ability of P. pastoris to elicit an immune response. These cells
express secreted alkaline phosphatase (SEAP) under the control of the
interferon-β (INF-β) minimal promoter fused to five nuclear factor-κB
(NF-κB) and activator protein-1 binding sites (https://www.invivogen.

com/hek-blue-null1). Stimulation with various peptides and nucleic
acids may activate the INF-β promoter (Nourbakhsh et al., 1993),
which in HEK-Blue Null one cells will induce the production of SEAP.
SEAP can be detected using spectroscopy. HEK-Blue Null1 cells were
maintained as per the manufacture's suggestions. For the colorimetric
assay, 2.8× 104 cells were seeded into each well of a 96-well plate.
Cells were cultured overnight in a humidified 37 °C incubator supple-
mented with 5% CO2 and then treated with extracted P. pastoris protein
at final concentrations of 5.0, 20, or 150 μg/mL for 72 h. The medium
was then aspirated without disturbing the HEK-Blue Null1 cells. HEK-
Blue detection assay medium (200 μL) was added to each well and in-
cubated for 15 h at HEK cell culture conditions. Tumor necrosis factor-α
(TNF-α, 100 ng/mL) was used as a positive control. Colorimetric
changes were detected with a plate reader at optical density of 620 nm.

2.8. P. pastoris protein extracts

An overnight culture of P. pastoris was washed twice and re-
suspended in 200 μL of cold PBS to varying cell concentrations. Glass
beads (200 μL) were added to each cell suspension and vortexed for one
minute and then placed back on ice for one minute. This cycle was
repeated three times and the mixture was centrifuged (10,000×g at
4 °C for 10min). The supernatant was collected and protein con-
centrations were determined using a BCA assay kit (Invitrogen).

2.9. Statistics

Values in all figures were expressed as mean ± standard deviation.
Multiple comparisons were made using one-way ANOVA. Individual
differences from the one-way ANOVA were analyzed using Bonferroni
post hoc test. P < 0.05 was considered significant.

3. Results

3.1. Mammalian cell culture condition decreased the growth of P. pastoris

We initially investigated whether P. pastoris can grow in mammalian

Fig. 2. Morphology of EA.hy926 co-cultured with P. pastoris. Pictures were taken 72 h after co-culture and are representative of the morphology observed for
endothelial cells. Endothelial cells were washed three times with PBS. The arrow indicates clusters of residual P. pastoris that remained after washing.
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Fig. 3. Actin of EA.hy926 co-cultured with
P. pastoris. The first column shows actin
structures (F-actin, red fluorescence). Actin
was stained with Alexa Fluor® 647 phal-
loidin. The second column shows the nu-
cleus of cells, stained with DAPI. The third
column is a merged image of the actin and
nuclear stained cells. Panel A (Control) in-
dicates endothelial cells cultured without P.
pastoris. Panel B (Pichia) are endothelial
cells cultured with P. pastoris for 72 h. P.
pastoris was washed off during the multiple
steps necessary to stain actin and were not
visible. Panel C (Heat) are endothelial cells
incubated at 42 °C to alter actin mor-
phology. Images were taken with the 10×
and 63× objectives to show population and
individual cells, respectively. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
web version of this article.)
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cell culture conditions. The standard culture conditions for P. pastoris
are growth in YPD medium at 30 °C. Wild type P. pastoris was able to
grow in mammalian cell culture medium at 30 °C and a higher tem-
perature of 37 °C. With YPD cultures, P. pastoris cell counts after 96 h
were approximately 37.5% less at 37 °C than at the standard tempera-
ture of 30 °C (Fig. 1). Overall, growth was reduced when P. pastoris was
cultured in complete DMEM (30 °C and 37 °C) compared to YPD
(Fig. 1).

3.2. EA.hy926 co-cultured with P. pastoris showed no change in
morphology and proliferation

Since P. pastoris can proliferate under mammalian cell culture
conditions, this yeast was grown with the human endothelial cell line,
EA.hy926. Co-culture with different concentrations of P. pastoris cells
for 72 h did not alter the morphology of EA.hy926 as observed under
bright field microscopy. EA.hy926 retained the appearance that is
comparable to endothelial cells cultured in the absence of P. pastoris
(Fig. 2). To further examine the morphology of the endothelial cells, we
stained the actin structure of EA.hy926. Confocal microscopy showed
no visible changes to the arrangement of actin for EA.hy926 that were
cultured with P. pastoris (Fig. 3A and B). Fig. 3C showed altered actin
arrangement due to heat (42 °C, 2 h), as a positive control.

We then examined how P. pastoris may affect the growth of
EA.hy926. Endothelial cell were counted 24, 48 and 72 h following co-
culture with different numbers of P. pastoris. There was no significant
difference in growth between EA.hy926 cultured with or without P.
pastoris (Fig. 4A). The endothelial cell counts were verified using cell
proliferation assay. The assay measured the activity of mitochondrial
dehydrogenases, which cleaved the tetrazolium salt WST-1 to for-
mazan. Higher number of viable cells correlated with increased activity
of mitochondrial dehydrogenases. The formation of formazan was not
significantly different between EA.hy926 cultured with and without P.
pastoris, 72 h after co-culture (Fig. 4B). This demonstrated that the ac-
tivity of mitochondrial dehydrogenases was similar between EA.hy926
cultured in the presence and absence of P. pastoris.

3.3. Activation of NF-κB by P. pastoris extracts

Since co-cultures with P. pastoris did not appear to alter the mor-
phology or the growth rate of EA.hy926, we were curious to determine
if P. pastoris affected other cellular processes. We tested the ability of P.
pastoris to activate NF-κB in HEK-Blue Null1 cells. In HEK-Blue Null1
cells, NF-κB activation correlated with abundance of SEAP. As a positive
control, activation of NF-κB was demonstrated with TNFα (100 ng/mL)
(Fig. 5). TNFα-treated cells induced a 7.5 fold increase of the enzymatic
reaction compared to nontreated cells. HEK-Blue Null1 cells treated
with P. pastoris protein extracts (5.0, 20, or 150 ng/mL, final con-
centration) showed no significant difference in the activation of NF-κB
compared to nontreated HEK-Blue Null1 cells (Fig. 5).

3.4. Induction of GFP expression

P. pastoris JC100::pKS1 was used to determine whether expression
of heterologous proteins during co-cultures with EA.hy926 was pos-
sible. EGFP expression in P. pastoris JC100::pKS1 was driven by the
AOX1 promoter and induced by transferring cells to medium containing
methanol as the only carbon source. Confocal microscopy showed that
P. pastoris JC100::pKS1 expressed GFP when co-cultured with en-
dothelial cells in glucose-free DMEM supplemented with 0.5% me-
thanol at either 30 °C or 37 °C (Fig. 6).

4. Discussion

P. pastoris has been increasingly used to express recombinant pro-
teins for human consumption but the interaction between P. pastoris

Fig. 4. Proliferation of EA.hy926 during co-cultures with P. pastoris. Fig. 4A
shows EA.hy926 cell counts (cells/mL) after 24, 48, and 72 h of co-culture using
different starting P. pastoris cell numbers. Proliferation of EA.hy926 co-cultured
with P. pastoris was not significantly different from the control group, EAhy926
cultured in the absence of P. pastoris (one-way ANOVA, n=4, p= 0.49, 0.66,
and 0.81 for 24, 48, and 72 h, respectively). Fig. 4B shows the level of formazan
formed during the WST-1 assay, which indicates the number of endothelial
cells. After 72 h of co-culture there was no significant difference between
EA.hy926 co-cultured with P. pastoris and cultured in the absence of P. pastoris
when assayed at 1.5, 3.0, and 4.5 h (one-way ANOVA, n=10, p= 0.40, 0.70,
and 0.54 for 1.5, 3.0 and 4.5 h, respectively). Values for both figures were
mean ± standard deviation.

Fig. 5. Analysis of NF-κB activation. HEK-Blue Null1 cells treated with P. pas-
toris protein extracts (5, 20, and 50 μg/mL) showed no significant changes in
NF-κB activation as detected by the formation of SEAP. Treatment with TNFα,
known to active NF-κB signaling pathways, showed a significant increase in
SEAP formation. Reported values were mean ± standard deviation. Significant
difference among treatment groups was indicated (*, n=6, p < 0.01), ana-
lyzed using one-way ANOVA, followed by a Bonferroni post hoc test. (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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and human cells have not been well characterized. Our study served as
an initial investigation into the response of the human endothelial cell
line, EA.hy926, to co-culturing with P. pastoris and provided a method
to express recombinant protein in P. pastoris during cultures with
human endothelial cell line. Under general mammalian tissue culture
conditions, P. pastoris was viable and capable of expressing EGFP.
Additionally, there was no changes in endothelial cell morphology or
growth when cultured with P. pastoris.

Propagating P. pastoris under standard mammalian tissue culture
conditions did affect the yeast's growth rate. Mammalian cells are
generally grown at 37 °C in a buffered salt solution containing nutrients
and supplemented with serum. While a higher than normal temperature
may have been the cause of the curtailed growth, the slower re-
production in complete DMEM cultures may also be attributed to the
lower concentration of glucose (1.0 g/L). In comparison, the con-
centration of glucose in YPD is 20 g/L. P. pastoris had more growth at
37 °C in YPD compared to complete DMEM at the ideal temperature of
30 °C, suggesting that glucose may be a limiting factor for growth.
Antibiotics were also present in the DMEM we used; however, penicillin
and streptomycin have been reported to have no effect on P. pastoris
(Haon et al., 2015). FBS or other types of serum are standard supple-
ment for mammalian cell maintenance and proliferation (Bauman et al.,
2018). Investigations on how FBS or other serum may affect P. pastoris
have not been reported. The overall slower growth of P. pastoris under
our test conditions compared to that of standard conditions was most
likely attributed to the non-shaking cultures. The non-shaking condition
was chosen to mimic the non-shaking aspect of mammalian tissue
culture. EA.hy926 are adhesive cells and would not survive the shaking
conditions normally used to culture P. pastoris.

Endothelial cell proliferation was analyzed by counting cell and
WST-1 assay. EA.hy926 was allowed to grow for 24 h before introdu-
cing P. pastoris. Starting the endothelial cell cultures first allowed for
cell attachment to the bottom of the well, which is crucial for adherent
mammalian cells to survive. We chose a lower starting culture con-
centration of P. pastoris since the doubling time of P. pastoris (Larsen
et al., 2013) was greater than that of EA.hy926 (Lu et al., 2009). At 72 h

after starting the co-culture, proliferation of EA.hy926 cultured with
and without P. pastoris showed no significant difference. This data
suggested that complete DMEM provided sufficient nutrients to support
both cell types. We verified cell counting data using the WST-1 assay,
which quantifies mitochondrial dehydrogenase activity. Mitochondrial
dehydrogenase activity was not significantly different between
EA.hy926 cultured alone and cultured with P. pastoris, indicating that
the viability of EA.hy926 was similar under both conditions.

After 72 h of co-culture with P. pastoris, the endothelial cells showed
no change in morphology or actin structure. Pathogenic yeasts have
been shown to alter the actin structure, leading to the necrosis of cul-
tured mammalian cells (Mendes-Giannini et al., 2004; Park et al.,
2005). For example, Shintaku showed that human umbilical vein en-
dothelial cells (HUVEC) rearranges actin to endocytosis Candida para-
silosis (Shintaku et al., 2013).

Although P. pastoris did not alter EA.hy926 morphology or pro-
liferation under the conditions in our study, other cellular processes
may be affected. It was recently demonstrated that P. pastoris and other
yeast, including S. cerevisiae, can cause differentiation of dendritic cells
and inducing these phagocytic cells to release cytokines (Bazan et al.,
2018). We were curious as to what cellular responses P. pastoris may
trigger in nonphagocytic cells. HEK-Blue Null1 cells were used to assay
the ability of P. pastoris cell lysates to activate NF-κB. NF-κB is an in-
ducible transcription factor involved in many cellular signaling path-
ways including the inflammatory response (Zhang et al., 2017). Unlike
the known stimulator TNFα, treatment with P. pastoris total soluble
protein did not induce NF-κB activation in HEK-Blue Null1 cells. This
preliminary work would suggest that P. pastoris may not elicit cellular
pathways associated with NF-κB activation, such as inflammation.
Further studies are necessary to fully characterize the effects of co-
culturing P. pastoris with nonphagocytic mammalian cells. Protein ly-
sates, rather than whole cells, were used for these studies because HEK-
Blue Null1 cells are nonphagocytic and P. pastoris cells absorb wave-
lengths close to 600 nm, potentially interfering with the 620 nm assay.
Positive tests could have been indicative of P. pastoris cell counts rather
than NF-κB activation.

Fig. 6. Methanol induced intracellular expression of EGFP in
P. pastoris cultured in glucose-free DMEM supplemented with
0.5% methanol. The induction was carried out during co-
cultures with EA.hy926. Expression was induced at both 30 °C
(top row) and 37 °C (bottom row). Images were captured
approximately 24 h after induction using bright field micro-
scopy (BF) and fluorescence (EGFP) 63× oil immersion ob-
jective.
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In this study, we demonstrated that P. pastoris can be cultured with
the human endothelial cell line, EA.hy926, without significantly
changing the growth capabilities of the endothelial cells. To our
knowledge, this is the first demonstration of successful co-cultures be-
tween P. pastoris and mammalian cells. This study opens up the possi-
bility that other mammalian cells can potentially be co-cultured with P.
pastoris. Additionally, we induced the expression of EGFP in P. pastoris
while co-cultured with human endothelial cell line, EA.hy926. Further
studies that investigate the potential use of P. pastoris for directly de-
livering proteins to mammalian cells during co-culture are warranted.
While our induction was driven by the AOX1 promoter, the use of the
GAP promoter would overcome challenges associated with methanol
induction (Waterham et al., 1997; Vogl and Glieder, 2013). The use of
secretion signals would allow heterologous proteins to be secreted di-
rectly into the tissue culture medium. Such procedures would provide
cultured cells with direct and continuous access to proteins expressed
by P. pastoris. Our finding opens up the potential for further studies into
the safety of P. pastoris as a protein delivery system, which can increase
the versatility of this yeast.
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