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Abstract. A new modality in microbe-mediated drug delivery has recently emerged
wherein genetically engineered microbes are used to locally deliver recombinant
therapeutic proteins to the gastrointestinal tract. These engineered microbes are often
referred to as live biotherapeutic products (LBPs). Despite advanced genetic engineering
and recombinant protein expression approaches, little is known on how to control the
spatiotemporal dynamics of LBPs and their secreted therapeutics within the gastrointes-
tinal tract. To date, the fundamental pharmacokinetic analyses for microbe-mediated drug
delivery systems have not been described. Here, we explore the pharmacokinetics of an
engineered, model protein-secreting Saccharomyces cerevisiae, which serves as an ideal
organism for the oral delivery of complex, post-translationally modified proteins. We
establish three methods to modulate the pharmacokinetics of an engineered, recombinant
protein-secreting fungi system: (i) altering oral dose of engineered fungi, (ii) co-
administering antibiotics, and (iii) altering recombinant protein secretion titer. Our
findings establish the fundamental pharmacokinetics which will be essential in controlling
downstream therapeutic response for this new delivery modality.
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INTRODUCTION

The community of bacteria and fungi in the human
gastrointestinal (GI) tract has been shown to play crucial
roles in human health (1), immunity (2), and disease
progression (3). Past research efforts in the GI microbiome
space have been focused on addressing questions related to
what microbes are present in the GI tract (4-7), what
functions they are performing (8-10), and how these func-
tions relate to the initiation or progression of a specific
disease (11-13). As the various roles of the microbiome in
health and disease have been described, the development and
oral delivery of live biotherapeutic products (LBPs) has
emerged as a strategy to elicit novel functions in the GI tract
(14-16) (e.g., metabolism of indigestible or toxic compounds
(17), diagnosis of disease pathologies (18), local delivery of
drugs or biologics (19-21)). Oral administration is considered
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the most convenient route of administration; however, oral
delivery of biologics remains a challenge due to the harsh
environment of the early GI tract (22) and biological barriers
that limit absorption (23). LBPs can potentially enable the
local delivery of biologics via the oral route by (i)
circumventing harsh environments in the early GI tract, (ii)
proliferating and persisting in the GI tract, and (iii) secreting
recombinant proteins directly in the small and large intestines
(colon). While over 15 genetically engineered LBPs are
currently being evaluated in clinical trials via oral delivery
(24,25), much is unknown about their pharmacokinetics and
thus how to optimize and control their therapeutic benefit.
As the oral delivery of LBPs emerges as a strategy for
local GI delivery of recombinant therapeutics, a critical
analysis of the pharmacokinetics is essential. Pharmacokinetic
analyses of other therapeutic modalities (e.g., small mole-
cules, antibodies, peptides) have allowed us to understand
drug biodistribution, develop methods to control drug con-
centrations at specific times/physiological locations, predict
the total drug exposure under various disease states and
conditions, and accurately scale up distribution data from
small animals up to humans (26-28). However, the funda-
mental analyses of microbe and secreted protein GI kinetics
have not been previously investigated or described. This
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current knowledge gap may be due to the unique challenges
that separate LBPs from other therapeutic modalities such as
in vivo proliferation, lack of established approaches for
measuring dynamic local drug concentrations in the GI tract
(unlike serum measurements), and the limited knowledge as
to how native members of the microbiome influence LBP
pharmacokinetics (29-31). Identifying and describing key
factors that influence the local concentrations of the LBP
and its secreted proteins in specific physiologic locations
throughout the GI tract may eventually enable delivery of a
controlled dose of therapeutics from the LBP. For example,
the treatment of ulcerative colitis with punctate sites of
inflammation (32) or in colorectal cancer where there exist
specific tumor sites in the GI tract (33) could benefit from
control over local therapeutic concentration.

Here, we aim to establish approaches to characterize
and modulate the in vivo GI pharmacokinetics of an
engineered, recombinant protein-secreting fungi; in doing
so, we describe the fundamental pharmacokinetics of the
living microbe and its secreted recombinant protein for the
first time. First, we engineered Saccharomyces cerevisiae to
secrete green fluorescent protein (GFP) to serve as a model
LBP for the oral delivery of biologics. S. cerevisiae is an
ideal model organism because it can secrete high titers of
recombinant proteins with eukaryotic post-translational
modifications (34), survive and maintain metabolic activity
in both aerobic and anaerobic environments that exist
throughout the GI tract (35,36), and serve as a safe
genetically engineered microbial chassis for delivery to
humans, since it is unlikely to initiate horizontal gene
transfer to the microbes native to the GI tract (37,38).
GFP serves as an ideal model biologic because it is a well-
characterized, complex protein which requires post-
translational modifications, it allows for straightforward
quantification from feces/tissues, and it has been previously
optimized for secretion by S. cerevisiae (39). Using this
model system, we establish three distinct and tunable
delivery strategies to modulate the in vivo pharmacokinetics
of both the engineered fungi and the secreted biologic: (i)
altering oral dose of engineered fungi, (ii) co-administering
antibiotics, and (iii) altering recombinant protein secretion
titer. Briefly, we found that initial dose influenced local
recombinant protein concentrations in the GI tract as soon
as 12 h post-administration, the co-administration of antibi-
otics influenced the persistence of both the engineered fungi
and secreted GFP within the GI tract, and the in vitro
recombinant protein secretion titer influenced in vivo local
concentrations of the protein within the GI tract. Our
results define important considerations for the oral delivery
of various protein and peptide pharmaceuticals to the GI
tract via LBPs.

MATERIALS AND METHODS

Strains and Culture Media

Escherichia coli Top10 were used for plasmid amplifica-
tion and maintenance. E. coli was grown in lysogeny broth
(LB) containing 5g L™! yeast extract, 10 g L' tryptone, and
10 g L' NaCl at 37°C supplemented with ampicillin (100 pg
mL ™). Saccharomyces cerevisiae strains were derivatives of

the haploid strain JK9-3da, provided by the Heitman lab
(40). S. cerevisiae was grown at 30°C in rich glucose medium
(YPD) containing 10 g L' yeast nitrogen base, 20 g L™
peptone, and 20 g L' D-(+)-glucose and supplemented with
20 mg L' of adenine and uracil. Positive transformants were
grown and selected for on minimal glucose dropout medium
(SD-CAA) (41) containing 20 g L™ dextrose, 6.7 g L' Difco
yeast nitrogen base, 5 g L' Bacto casamino acids, 5.4 g L™!
Na,HPO,, 8.56 g L' NaH,PO,-H,O, and 20 mg L' of
adenine and uracil.

Plasmid Construction and Transformation

The integrative plasmid for secretion of GFP was
synthesized as previously described (39) by commercial gene
synthesis (Synbio Technologies). The integrative plasmid was
linearized with EcoRV (New England Biolabs) to direct
genomic integration. Competent fungi were prepared and
transformed with linearized DNA as previously described
using the LiAc/PEG method (42). Briefly, fungi were
inoculated in 50 mL fresh YPD medium to reach an ODgg
of 1.6 and were then collected via centrifugation. Fungi were
washed 3 times with 50 mL sterile water and resuspended
with 1 mL sterile water and then separated into 100 pL
aliquots. For transformation, 360 pL of “transformation mix”
containing PEG 3350 (50% w/v), lithium acetate (1.0 M),
single-stranded carrier DNA (2.0 mg mL™'), and the
linearized plasmid DNA was added to the prepared aliquot
of competent fungi. This mixture was incubated in a water
bath at 42°C for 40 min. Transformed fungi were then
collected via centrifugation, resuspended in sterile water,
and plated on selective SD-CAA agar plates lacking trypto-
phan. Plates were incubated for 3 days at 30°C. Positive
transformants were confirmed via fluorescence microscopy,
and transformants were screened for differential GFP expres-
sion by ELISA.

Detection and Quantification of GFP

For western blot detection of secreted GFP, each of the
isolates was grown overnight in 5 mL YPD at 37°C under
both aerobic and anaerobic conditions. Cultures were centri-
fuged at 3000 rpm for 3 min, and supernatants were collected.
Proteins in the culture supernatant were precipitated by
acetone. Protein precipitates were then treated with EndoH
(New England Biolabs) enzyme to remove excess glycosyla-
tion to prevent band smearing. Samples were then subject to
standard gel electrophoresis sample preparation, loaded onto
a 4-20% Mini-PROTEAN® TGX™ precast gel (BioRad),
and ran with standard gel electrophoresis parameters. Pro-
teins were transferred from the gel to a nitrocellulose
membrane overnight at 4°C using a constant 30 mA in the
blotting module. The membrane was washed with sterile
water, blocked with 1% Pierce™ Clear Milk Blocking Buffer
(Thermo Fisher Scientific), and blotted with 1:5000 dilution of
an anti-GFP antibody conjugated to horseradish peroxidase
(HRP) (Abcam). To enable band detection, the Pierce ECL
Western Blotting Substrate (Thermo Fisher Scientific) was
used. The membrane was immediately imaged using a
FluorChem E Imager (Protein Simple) using standard
chemiluminescence exposure parameters.



To detect secreted GFP in both the in vitro culture
supernatants and within fecal and tissue samples, an in-house
enzyme linked immunosorbent assay (ELISA) was used.
Briefly, 1.25 pg mL ™' anti-GFP antibody (Abcam) in a
sodium bicarbonate buffer at pH 9.4 was incubated on a
Nunc MaxiSorp flat-bottom 96-well plate (Thermo Fisher
Scientific) overnight at 4°C. The plate was washed 3 times
with phosphate buffered saline containing 0.05% Tween 20
(PBST). Then a 1% bovine serum albumin solution in PBS
was added to the wells. Wells were blocked at room
temperature with gentle shaking for 2 h. The plate was
washed 3 times with PBST, and then samples diluted in PBST
and a GFP (Abcam) standard curve (250-0.12 ng mL ") were
loaded onto the plate and incubated at room temperature
with gentle shaking for 2 h. The plate was then washed 3
times with PBST, and a 1:2500 dilution of an anti-GFP-HRP
antibody (Abcam) was loaded onto the plate and incubated at
room temperature with gentle shaking for 1 h. The plate was
then washed 5 times with PBST, and 1-Step Ultra TMB-
ELISA Substrate Solution (Thermo Fisher Scientific) was
added for quantification. The enzymatic reaction was stopped
with 2M sulfuric acid, and optical density at 450 nm was read
using a SpectraMax iD3 96-well plate reader (Molecular
Devices). Each biological replicate was analyzed in duplicate
technical replicates on the ELISA plates. Final concentrations
were determined by using the average optical density values
of the two technical replicates.

In Vitro Growth and GFP Secretion Assays

Isolates were grown in culture tubes with 5 mL of YPD
medium at either 30°C or 37°C and under either aerobic or
anaerobic conditions. For anaerobic samples, YPD was
stripped of its oxygen content through incubation in an
anaerobic chamber overnight. All cultures were kept shaking
at 250 rpm at constant temperature in a shaking incubator for
the entirety of the study. To track growth, at each time point
indicated, the optical density at 600 nm was measured using a
GENESYS 30 spectrophotometer (Thermo Fisher Scientific).
Immediately thereafter, 100 pnL samples were removed from
the culture for downstream analyses and replaced with 100
pL of fresh YPD. The samples at each time point were
centrifuged at 3000 rpm for 3 min to separate secreted
proteins from the fungi. Supernatants were kept at 4°C for
next-day analyses.

For intracellular GFP analysis, fungi were grown in a 6-well
transwell plate (Corning) with 3.0 pm membrane insert where
fungi suspended in 1 mL YPD were placed atop the membrane
and could be exposed to fresh YPD below the membrane. This
was to physically separate the fungi from the media for the
entirety of the study. Cultures were grown overnight at 37°C with
100 rpm shaking. The membranes were then removed, and the
fungi-free media was analyzed by ELISA as described. Fungi on
the membrane were collected, washed with PBS, resuspended in
digestion buffer, and treated with zymolyase enzyme (Zymo
Research) to break the fungal microbe walls and release the
intracellular proteins. The enzymatic reaction was carried out at
37°Cfor 1 h. This solution was then centrifuged at 3000 rpm for 3
min, and supernatants containing the intracellular proteins were
diluted and subject to ELISA analysis as described previously.

Mouse Experiments

Animal studies were conducted in accordance with and
approved by the Institutional Animal Care and Use Commit-
tee (IACUC) of The University of North Carolina at Chapel
Hill. Eight-week-old female BALB/c mice housed in groups
of 5 were used for all in vivo studies. Mice were purchased
from Charles River Labs and acclimated for at least 72 h prior
to use. One mouse was separated from the third mouse study
in the group receiving Sc-GFP-Lo due to unrelated health/
behavioral concerns. For studies in which antibiotics were
used, the antibiotics were administered ad [ib through the
drinking water. Mice which received only a 3-day pre-
treatment of antibiotics were placed back on an automatic
watering system for the remainder of the study. The antibiotic
water cocktail contained ampicillin (0.5 mg mL ™!, Sigma),
gentamicin (0.5 mg mL™', Sigma), metronidazole (0.5 mg
mL ! Sigma), neomycin (0.5 mg mL ", Sigma), vancomycin
(0.25 mg mL~!, MP Biomedicals), and sucralose (4 mg mL ',
Sigma) as previously described (43,44). The antibiotic water
cocktail was prepared on the same day as administration to
mice. For continuous antibiotic treatment, fresh antibiotic
water cocktail was newly prepared, filter sterilized, and
administered every fourth day of the study to ensure
antibiotic stability in water at room temperature. For oral
administration, fungi were cultured the day prior in YPD
media at 30°C (250 rpm). The following day, the culture was
washed three times and suspended in sterile saline. In the
fungal dose ranging study, mice were administered either 10°,
10%, 107, or 10° colony forming units (CFU) in 150 uL sterile
saline via oral gavage. In the antibiotics ranging study, all
mice received 10° CFU of Sc-GFP-Hi in 150 pL sterile saline
via oral gavage, and in the GFP-secretion ranging study, mice
received 10° CFU of either Sc-GFP-Hi or Sc-GFP-Lo in 150
pL sterile saline via oral gavage.

Stool and Tissue Sample Processing

At indicated time points, each mouse was individually
placed in a sterilized cage and approximately 3-5 fecal pellets
were collected from each mouse. Pellets were placed in pre-
weighed homogenization tubes containing 1.4 mm ceramic
beads. Tubes were weighed again to calculate fecal weight,
and sterile phosphate buffered saline (PBS) was added to
each tube to reach approximately 100 mg feces per 1 mL PBS.
Feces were then homogenized with a FastPrep-24 homoge-
nizer (MP Biomedicals) for 20 s at 4.0 M s . Samples were
filtered through a cell strainer with a 75 um pore size to
remove solid particulates and to allow for a solution that can
be drawn up with a pipette and fungal microbes evenly
dispersed. Fecal sample solutions were serially diluted in
sterile PBS, and dilutions were plated on SD-CAA agar
plates containing ampicillin (2.5 pug mL ™', Sigma), gentamicin
(2.5 pg mL™', Sigma), metronidazole (2.5 ug mL™" Sigma),
neomycin (2.5 ng mL™!, Sigma), and vancomycin (1.25 g
mL~!, MP Biomedicals) (43). CFUs were enumerated after
incubation for 2-3 days at 30°C. CFUs were confirmed via
fluorescence microscopy. Mice were sacrificed either 12 h or
168 h post-gavage, and the intestinal tracts were immediately
harvested. Specified sections of the intestinal tracts were
placed in pre-weighed homogenization tubes containing



2.4 mm ceramic beads. Tissue sample weight was calculated,
and 1mL of sterile PBS was added to each tube. The samples
were then homogenized for 20 s at 6.5 M s ' and filtered
through a cell strainer with a 75 um pore size. Samples were
serially diluted in PBS, and dilutions were plated on SD-CAA
plates containing antibiotics as described. CFUs were enu-
merated as previously described after 2-3 days incubation at
30°C. Homogenization speeds and times were far below
standard fungal microbe lysing protocols (45), and these
parameters were optimized to prevent fungi lysing in the fecal
and tissue samples (Fig. S1).

Data and Statistical Analysis

The number (n) of individual animals used per group is
described in each figure legend. CFU enumeration and GFP
quantification in the fecal and tissue samples were normalized
to either the fecal or tissue weight of the sample. This data
was log-transformed to ensure normal distribution of data to
allow for downstream statistical analyses. Limit of detection
for GFP concentration analyses via ELISA was determined to
be the optical density reading at 450 nm which corresponded
to the lowest concentration in the linear portion of the
standard curve. For CFU counting, 25 to 250 CFUs were
considered in the countable range in a 20 uL plated sample. If
no colonies were detected, another 250 uL. of the sample was
separately plated where again, 25 to 250 CFUs were
considered in the countable range. Any CFU counts below
this range are still plotted as such but appear below the limit
of detection (LOD) line. The LOD is calculated as 25 CFUs
in 250 pL. All samples which resulted in no detectable CFU
were set to one-half of the LOD value. All statistics and data
distribution analysis were performed with Prism (GraphPad).
The unpaired two-tailed Student’s t-test was used to compare
differences between two groups. Ordinary one-way ANOVA
with multiple comparisons was used to evaluate experiments
containing more than two groups. The upper threshold for
statistical significance for all experiments was set at p < 0.05.

RESULTS

Generation of GFP-Secreting Saccharomyces cerevisiae
Strains

To evaluate potential approaches to control the concen-
trations and subsequent in vivo pharmacokinetics of LBPs, a
model system was generated. The model system consisted of
a Saccharomyces cerevisiae strain engineered to secrete green
fluorescent protein (GFP). The secretion of GFP allowed for
easy and rapid confirmation of positive transformants and
rapid tracking of colony isolates in vivo. A tryptophan
auxotrophic S. cerevisiae strain (JK9-3da) was transformed
with a linearized plasmid which contained the sequence for
GFP preceded by an optimized secretion signal to direct the
recombinant protein outside of the fungi (Fig. la) as
previously described by Fitzgerald and Glick (39). Expression
was placed under the control of a constitutive promoter to
ensure constant expression. A yeast integrating plasmid
lacking an origin of replication was used to direct genomic
integration via homologous recombination. By integrating the
plasmid directly into the genome, this avoided the necessity

for constant selective pressure to maintain the plasmid inside
the engineered fungi, which is ideal for the in vivo environ-
ment where maintaining a constant external selective pres-
sure would be difficult.

Following transformation, positive colony transformants
were isolated on selective media lacking tryptophan. Colonies
were isolated and screened for differential GFP expression
(Fig. S2). Genomic integration via homologous recombina-
tion can often result in multiple in-tandem integrations of the
linearized plasmid into the integration site (46,47), ultimately
leading to higher or lower expression of the recombinant
protein depending on the number of genomic integrations
(48). After the initial screening for differential expression of
GFP, high- and low-secretor transformants were isolated for
further analyses, referred to herein as Sc-GFP-Hi and Sc-
GFP-Lo, respectively. Expression of GFP in the isolated
strains was visualized via fluorescent microscopy (Fig. 1b)
which showed the intracellular accumulation of GFP prior to
secretion. This also confirmed proper folding of GFP, as
fluorescence can only be visualized with the correct post-
translational folding (49).

Growth and Differential GFP Expression Under Various
Environmental Conditions

To ensure both adequate growth and GFP secretion
under a variety of physiologically relevant conditions in the
GI tract, the two isolates were grown in environments of
different temperatures and oxygen levels. We first assessed
growth (Fig. 2a) and GFP secretion (Fig. 2b) under aerobic
conditions at 30°C (Fig. 2ai and bi) which are optimal lab
conditions for S. cerevisiae growth (35), then under aerobic
conditions at 37°C (Fig. 2aii and bii) which is representative
of physiological conditions in the small intestine, and finally
under anaerobic conditions at 37°C (Fig. 2aiii and biii) which
is representative of physiological conditions in the colon (36,
50). Fungi grew to a lower final density when grown at 37°C
(Fig. 2aii) as compared to 30°C under aerobic conditions (Fig.
2ai); this was expected and can be attributed to the stressful
environment at 37°C which can result in preference for fungal
maintenance and metabolism over proliferation (51,52).
Under all conditions tested, there were no significant
differences in growth profiles between Sc-GFP-Hi and Sc-
GFP-Lo (Fig. 2a); however, as expected, the Sc-GFP-Hi
consistently showed higher final GFP concentrations in the
culture supernatant as compared to Sc-GFP-Lo for all
conditions evaluated (Fig. 2b). To exclusively quantify
secreted GFP (i.e., not intracellular GFP), all samples were
centrifuged before ELISA analysis to separate intracellular
GFP from the secreted GFP. For further confirmation, the
proteins from overnight cultures were precipitated and
analyzed by western blot, which showed a single band around
27kDa (Fig. 2c), corresponding to the molecular weight of
GFP (53) and thus confirmed the secretion of GFP under
both aerobic and anaerobic conditions. We also quantitatively
compared the amount of intracellular GFP to the secreted,
extracellular GFP between Sc-GFP-Hi and Sc-GFP-Lo under
aerobic conditions at 37°C (Fig. 2d). Sc-GFP-Hi secreted
significantly higher GFP in the culture supernatant as
compared to Sc-GFP-Lo which was consistent with our
previous results. Saturated cultures of both isolate strains
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Fig. 1. Engineering Saccharomyces cerevisiae to secrete green fluorescent protein. a Map of the major components of the integrative plasmid
for GFP secretion. b Left: Representative differential interference contrast microscope images of wild type and isolated transformants. Right:
Representative fluorescence microscope images showing intracellular GFP accumulation in the isolated transformants

showed roughly 95% of the total GFP was extracellular, while
intracellular GFP accounted for roughly 5% of the total GFP
(Fig. 2e). Taken together, this confirmed that Sc-GFP-Hi
produced a greater amount of GFP overall, as opposed to a
more efficient GFP secretion.

Approaches to Modulate the In Vivo Pharmacokinetics of
Engineered Fungi and Secreted GFP

Disposition kinetics of LBPs are rarely studied and
reported but are essential to meeting regulatory and safety
standards (54,55) and for having a thorough understanding of
dose-response relationships in vivo. Distinct from other
microbes which may colonize and remain at steady-state
concentrations in the GI tract, S. cerevisiae transiently passes
through the GI tract following oral administration (21,56). As
such, thorough pharmacokinetic evaluation may identify
conditions that can provide desirable dosing regimens. Here,
we studied three approaches to modulate the pharmacoki-
netics of our model system (Fig. 3). These three approaches
include modulation by (i) altering oral dose of engineered
fungi (Fig. 3a), (ii) co-administration of antibiotics (Fig. 3b),
and (iii) altering recombinant protein secretion titer (Fig. 3c).

Influence of Initial Dose on Engineered Fungal and GFP
Tmax Concentrations in Mice

In the first in vivo study, we sought to understand how
the number of engineered fungi orally delivered affected the

local GI concentrations of both the engineered fungi and the
secreted GFP at the time of maximal concentration. In a
preliminary study, we determined 12 h post-oral gavage to be
the time to maximal concentration (Tp,.x) of GFP in the feces
(Fig. S3). We chose Ty,ax to explore the relationship between
dose and local concentrations because we hypothesized that
this would be the optimal time point to observe maximal
differences between groups, given that there is minimal time
for non-linear clearance or metabolism processes to confound
concentration data.

In this study, mice received a 3-day pre-treatment of a
previously described antibiotics cocktail in the drinking water
to reduce the overall abundance of endogenous bacteria in
the GI tract (43). Growth of the engineered fungi in
antibiotics was tested in vitro to ensure antibiotic treatment
would not inhibit fungal growth in vivo (Fig. S4). Mice
received either 10%, 10%, 107, or 10° CFU of Sc-GFP-Hi via
oral gavage (Fig. 4a). Sc-GFP-Hi colonies isolated from fecal
and tissue samples were confirmed via fluorescence micros-
copy (Fig. 4b). Each 10-fold change in the dose resulted in
roughly 10-fold changes in the CFU concentrations in the
feces at both 6 and 12 h post-gavage (Fig. 4c). Albeit not as
high as 10-fold, GFP concentrations in the feces generally
decreased with each decreasing dose (Fig. 4d). This indicated
that as soon as 12 h post-gavage, the dose influenced the
delivery of the recombinant protein. An analysis of the GI
tissues revealed roughly 10-fold decreases in CFU with each
10-fold decrease in dose (Fig. 4¢). Significant differences in
GFP concentrations were also observed in the GI tissues, with



a 209, Aerobic 30°C b 1000+ i Aerobic 30°C
800

1.5 —_ET

(=3

2 10- @ Sc-GFP-Hi 2

o @ Sc-GFP-Lo a
0.5 ©
o.c'!F

Time (hr) Time (hr)
207 i Aerobic 37°C 10009 & Aerobic 37°C
800
-y
8 £ 6001 $
a £
o g 400
(0]
200
0
0 4 8 12 16 20 24
Time (hr) Time (hr)
207 i Anaerobic 37°C 10007 i Anaerobic 37°C
800
-y
o £
: :
S &
)

Time (hr) Time (hr)
50007 2, € o0 =
i =3
Aerobic 37C Anaerobic 3/C EIIIE
) o 75
£ [
g 3000+ &
] T 50
g 2000- 5
. 3 e, R |
High Low High .:&hg!l‘,, F 1000 s 25 .
25_, —_ - e — —
kDa B T T 0- 0- Amia
K 5 § VO \§ Vo"‘ Q"\Q VO ’2"\& \9“\
& ¢ & & ¢ FS

Fig. 2. Growth and GFP secretion under various conditions. a Growth curves for Sc-GFP-Hi and Sc-GFP-Lo under
(i) aerobic conditions at 30°C, (ii) aerobic conditions at 37°C, and (iii) anaerobic conditions at 37°C. b GFP
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Analysis of total extracellular (Ex.) and intracellular (Intr.) GFP from Sc-GFP-Hi and Sc-GFP-Lo cultures under
aerobic conditions at 37°C. e Percent intracellular and extracellular GFP from Sc-GFP-Hi and Sc-GFP-Lo cultures.
For a, b, d, and e, each point represents the mean of n=3 biological replicates, error bars represent standard
deviation, significance assessed using unpaired Student’s t-test, $: p < 0.0001

decreased GFP detection associated with a lower initial dose ~ GFP was not detected in the small intestines of 24/25 of the
(Fig. 4f); linear representation of the GFP concentrations in  mice, likely due to the extensive protein degradation that
the GI tissues demonstrated the same trend (Fig. S5). Finally, occurs in the small intestine (57).
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Controlling Total Engineered Fungal and GFP Exposures in
Mice by Modulating the Microbial Abundance of the Native
Microbiome

Previous literature suggests that the presence of native
microbes in the GI microbiome can prevent the long-term
persistence or the establishment of a niche for stable
colonization of exogenously administered microbes (58,59).
We observed this in our preliminary studies, where we
showed that in the absence of antibiotic pre-treatment or
co-administration, the engineered fungi were cleared from the
GI tract within 48 h of oral administration (Fig. S6). To
overcome this colonization resistance due to the native
microbiome, antibiotics are frequently used as a pre-
treatment to the administration of fecal microbiota trans-
plants and/or other microbial consortia to promote coloniza-
tion of the exogenous microbes (60-62). Thus, we sought to
understand the relationship between native microbial abun-
dance with both engineered fungal persistence in the GI tract
and with the GI pharmacokinetics of GFP.

To modulate native microbial abundance, we exposed
mice to antibiotics for 3 days prior to oral gavage of Sc-

GFP-Hi and throughout the duration of the study (pre-
plus continuous antibiotics), only 3 days prior to oral
gavage of Sc-GFP-Hi (pre-antibiotics), or no antibiotics
(Fig. 5a). The mice that received the pre-plus continuous
antibiotics treatment showed a persistent concentration of
CFUs around 10’ CFU g™! in the feces over 1 week (Fig.
5b). This is consistent with the previous reports of fungal
administration to antibiotic-treated mice (43,44). Mice
which received only the pre-antibiotic treatment showed
a peak concentration of about 108 CFU g™! in the feces at
6 h post-gavage which decreased over the first 3 days and
then tapered out to a stable concentration of around 10°
CFU g! in the feces for the remainder of the week (Fig.
5b). Mice which received no antibiotics showed a peak
concentration of about 107 CFU g ! in the feces at 6 h
post-gavage which mostly cleared within 24 h post-gavage,
suggesting a transient passage and clearance of Sc-GFP-Hi
(Fig. 5b) which is consistent with our preliminary results
and previous literature (56). An area under the curve
(AUC) analysis demonstrated that the AUCs were
significantly different between each of the groups, with
the pre-plus continuous antibiotic group having the highest
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Fig. 4. Influence of dose on engineered fungal and GFP pharmacokinetics. a Timeline of animal study for evaluating oral
dose. Yellow dots indicate oral gavage of engineered fungi, brown dots indicate fecal collection time points, and black
arrows indicate antibiotic administration. b Representative brightfield and fluorescence microscopy images of engineered
fungi isolated from fecal samples. ¢ Fecal CFUs of Sc-GFP-Hi per gram of feces. d Fecal GFP concentrations, on a per gram
of feces basis. e CFU concentrations in small intestine (SI), cecum, and colon of mice 12 h post-gavage. f GFP concentrations
in SI, cecum, and colon of mice 12 h post-gavage. All error bars represent standard deviation, significance assessed using
ordinary one-way ANOVA with multiple comparisons, n=5 for all panels. Horizontal dotted lines represent the limit of
detection for each specific assay. For all statistical tests, “p < 0.05, *p < 0.01, “p < 0.001, and ¥p < 0.0001

AUC, followed by the pre-antibiotic, and then the no antibiotic
group (Fig. 5c). Similar GFP concentration profiles were
observed in the feces where the mice continuously treated with
antibiotics exhibited consistent GFP fecal concentrations, mice
treated with only the antibiotic pre-treatment showed high fecal
concentrations of GFP at early time points followed by a
decline, and the mice receiving no antibiotics showed GFP
signal in feces only within the first 48 h post-gavage (Fig. 5d). An
AUC analysis of fecal GFP showed that the GI persistence of
the engineered microbe, as modulated by antibiotic administra-
tion, significantly alters the concentration of the secreted GFP in
the feces over the course of 1 week (Fig. Se).

An analysis of the local tissue concentrations of both Sc-
GFP-Hi and GFP within the GI tract 7 days post-gavage
revealed the presence of CFU and recombinant GFP
primarily in the group which received pre-plus continuous
antibiotics (Fig. 5f and g). Although all five mice in the
antibiotics pre-treatment group showed CFUs in the feces on
day 7, CFUs were detected in the small intestine of only one
mouse of in this group, and GFP was detected in the cecum of
two mice in this group. Both CFUs and GFP were undetected
in any part of the GI tract on day 7 in the mice which did not
receive antibiotics. A linear representation of the GFP
concentrations in the GI tissues demonstrated the same
trends (Fig. S7) as the log representation (Fig. 5g).
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Influence of Secretion Titer on Local Gastrointestinal
Concentrations of Engineered Fungi and Secreted GFP in
Mice

Here, we studied the effect that protein secretion had on
both engineered fungal and GFP concentrations in the feces and
local tissues in mice after receiving the same oral dose of either Sc-
GFP-Hi or Sc-GFP-Lo (Fig. 6a). Both groups received pre-plus
continuous antibiotics to enable stable colonization of the
engineered fungi. An analysis of the CFU in the feces over the
course of 1 week showed a constant concentration of approx-
imately 10" CFU g ' feces, for both groups (Fig. 6b). There were
no statistical differences between the two groups with regard to
CFU in the feces, indicating that the in vitro protein secretion titer
differences did not alter the in vivo engineered fungal pharma-
cokinetics. There were no statistical differences between the two
groups for the concentration of GFP in the feces over the course
of the week (Fig. 6¢). Animals that received Sc-GFP-Lo showed
higher (but not statistically significant) CFU concentrations within

the GI tissues as compared to Sc-GFP-Hi (Fig. 6d). Despite this,
the group which received Sc-GFP-Hi showed significantly higher
GFP concentrations within the cecum and colon (Fig. 6e). As with
the two previous animal experiments, the linear representation of
the GFP concentrations in the GI tissues demonstrated the same
trend (Fig. S8) as the log representation (Fig. 6e). To evaluate the
long-term effects of the engineered fungi on the mice, we
measured their weights throughout the entirety of the study
(Fig. 6f) which showed that administration of the engineered
fungi did not cause any significant weight loss compared to control
groups.

DISCUSSION

Overall, this work demonstrates a thorough analysis of
concentration versus time profiles for an engineered, recom-
binant protein-secreting fungus, ultimately elucidating several
approaches for modulating the pharmacokinetics and local
concentrations of both the engineered fungi and its secreted
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recombinant protein. We showed that a Saccharomyces
cerevisiae engineered to secrete a complex protein such as
GFP was able to grow under a variety of conditions
representative of those in the GI tract (36,50). We character-
ized the in vitro secretion profiles of differentially expressing
engineered isolates as a means to control the in vivo GFP
delivery (Fig. 2). Here, we present three approaches to
modulate the in vivo pharmacokinetics of an engineered
fungi drug delivery system through (i) altering oral dose of
engineered fungi (Fig. 3a), (ii) co-administering antibiotics
(Fig. 3b), and (iii) altering recombinant protein secretion titer
(Fig. 3c).

First, we studied how dose affected the local GI
concentrations of both the engineered fungi and secreted
GFP using Sc-GFP-Hi (Fig. 4). Generally, and as expected,
higher doses correlated with higher CFU counts and GFP
signal in both the feces and GI tissues (cecum and colon). We
then studied how antibiotics, which decrease the abundance
of endogenous bacteria in the GI tract, altered the fungal and
GFP exposures in mice (Fig. 5). In this experiment, we
showed that antibiotic co-administration can prolong the GI
persistence of the engineered fungi and thus GFP exposure
over a period of 1 week. Our results also highlight that a
consistent exposure to the engineered fungi will result in
constant secretion and subsequent delivery of the secreted
recombinant protein; in contrast, clearance of the engineered
fungi will lead to loss of GFP persistence in the GI tract. This
experiment also supports the hypothesis that the presence of
native bacteria prevents the colonization of engineered fungi,
possibly through means of lack of physical space and
competition for nutrients (59). Finally, we studied the effect
that secretion titer, through direct comparison between Sc-
GFP-Hi and Sc-GFP-Low, has on fungal persistence and GFP
concentration in the GI tract (Fig. 6). In this experiment, we
saw that higher secretion titer did not affect fungal persis-
tence; however, as expected, GFP concentrations in the
cecum and colon were higher for Sc-GFP-Hi. This validated
the notion that a microbe which secretes a higher amount of
the recombinant protein in vitro can deliver higher amounts
of recombinant protein in vivo. Overall, our in vivo experi-
ments demonstrated that oral dose, antibiotic exposure, and
secretion titer of the engineered fungi all play key roles in the
local delivery of a recombinant protein from engineered
LBPs.

Importantly, the approaches described here can be
applied to study the oral delivery of complex proteins or
peptides via LBPs to establish time-dependent,
pharmacokinetic-pharmacodynamic relationships. To our
knowledge, this is the first study to report that modulation
of microbial dose or secretion titer directly influences
delivered recombinant protein concentrations in the GI tract
in as little as 12 h. Modulation of oral dose and/or protein
secretion titers can aid in determining potentially non-linear
dose-response relationships in pre-clinical development and
can be used in clinical practice to fine-tune the dosing
regimen. Altogether these results represent a step forward
in the potential for optimized pre-clinical development and
clinical translation of LBPs. With predictable and tunable
kinetics, the translation of these platforms to therapeutic
applications can potentially be optimized to control local
concentrations of the secreted therapeutic.

As with the exploration of any model system, there are
limitations to the translatability of these results. Most
evidently, the secretion of a protein other than GFP from an
engineered fungus will have its own intrinsic transport
profiles, degradation rates, and clearance mechanisms which
will dictate the resulting pharmacokinetics (63,64). Addition-
ally, the detection of the secreted protein in tissue samples
may be dependent on the time of sample collection as
activities such as peristalsis, food intake, and secretion of
protein-degrading enzymes into the distinct sections of the
small intestine (i.e., duodenum, jejunum, and ileum) are
dynamic and vary throughout the day in mice (65,66). For
example, these variables may have contributed to the
discrepancies observed in the ability to detect GFP in the
small intestine in the first and second in vivo studies (Figs. 4f
and 5g), as compared to the third in vivo study (Fig. 6e).
Future studies are needed to evaluate the effect of tissue
collection time for the distinct small intestine sections (i.e.,
duodenum, jejunum, ileum) on the detection and quantifica-
tion of the secreted proteins. Furthermore, we hypothesize in
the first in vivo study (Fig. 4f) that GFP concentrations for the
lower doses (107 and 10° CFU) were undetectable in the
colon because tissue samples were collected 12 h post-
administration, leaving less time for the engineered fungi to
acclimate, proliferate, and secrete GFP that would provide
detectable levels; we additionally posit that the higher doses
(10? and 10® CFU), which provided high GFP concentrations
in the colon, were less affected by these factors due to their
significantly higher concentration both initially and
throughout the duration of the study (Fig. 4d).

Separately, although the practice of measuring microbial
abundances in the feces as a proxy for GI concentrations is
well-established (67,68), such methods are not established for
recombinant proteins secreted by proliferating LBPs in the
GI tract. The concentrations of GFP, or any other microbe-
secreted recombinant protein, in the feces certainly captures
the past presence (or lack thereof) of the protein in the GI
tract. However, these measurements may not be accurately
representative of protein concentrations within specific sec-
tions of the GI tract and do not represent the (often non-
linear) spatiotemporal dynamics of protein diffusion, degra-
dation, absorption, and clearance (31,69,70). We hypothesize
that significant differences in GFP concentrations in the feces
were not detected between the two groups in the third in vivo
study (Fig. 6¢) due to non-linear clearance and non-linear
metabolism/degradation pathways which the secreted GFP
experienced as it passed through the GI tract or was excreted
into the fecal pellet (71-73). The in vitro differential GFP
secretion between these two strains was approximately 2-fold
in saturated cultures. Potentially 10-, 100- or even greater fold
in vitro secretion differences may be needed to overcome
non-linear processes in the GI tract to be able to detect
statistical differences in fecal pellet protein concentrations.
Thus, although the feces may capture general pharmacoki-
netic trends, measurements made in the specific sections of
the GI tract are, in our opinion, more important for
establishing dose-response relationships in future applications
of LBPs targeting the GI tract. These site-specific measure-
ments will directly quantify recombinant protein concentra-
tions at the site of action. Thus, fecal protein concentration
measurements should be taken with caution and an



understanding of underlying mechanisms occurring within the
GI tract which may confound exact protein concentrations in
fecal pellets.

Future work will be focused on translating this platform
to various therapeutic applications. The next important step
after establishing predictable pharmacokinetics would be to
relate the pharmacokinetic profiles to the pharmacodynamic
response profiles. Because of the mature and well-validated
protein secretion and genetic engineering strategies already
developed for S. cerevisiae, there is much potential for the
oral delivery of a wide variety of therapeutic, immune-
stimulating, anti-microbial, etc. proteins targeted directly to
the GI tract. For example, an anti-microbial peptide to target
the killing of specific bacteria in the GI tract could be
delivered or therapeutic proteins could be delivered to
specific sites of inflammation in the GI tract for treatment of
ulcerative colitis or colorectal cancer. Furthermore, this
platform could be used to deliver immune stimulating
proteins for mucosal vaccination for the development of oral
vaccines.

CONCLUSIONS

Importantly, here we establish the fundamental pharma-
cokinetics which will inform the downstream pharmacody-
namic response regardless of the specific recombinant protein
delivered. Collectively, this manuscript provides several
methods for modulating engineered fungal GI pharmacoki-
netics which will be essential when studying future mecha-
nisms of action and establishing dose-response relationships
in future therapeutic applications of this system. This sets the
groundwork for being able to specifically tune the effective
dose and subsequent response to the LBP in a therapeutic
model. Broadly, this work contributes to the progression of
precision-based, microbiome therapeutics which have only
just begun to show their potential. There is also potential for
the secretion of multiple different proteins from a single
engineered microbial strain in addition to the potential for the
oral delivery of a cocktail of multiple microbial strains with
varying functions for combination therapies.
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