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Purpose: Salmonellosis is a severe economic threat in poultry and a public health concern.
Currently available vaccines are ineffective, and thus, developing effective oral Salmonella
vaccine is warranted. Especially, a potent oral vaccine such as the mucoadhesive polyanhydride
nanoparticle (PNP) protects the vaccine cargo and delivers to intestinal immune sites to elicit
robust mucosal immunity and mitigate Salmonella colonization and shedding.

Materials and methods: We designed a Sa/monella subunit vaccine using PNP containing
immunogenic Salmonella outer membrane proteins (OMPs) and flagellar (F) protein-entrapped
and surface F-protein-coated PNPs (OMPs-F-PNPs) using a solvent displacement method. Using
high-throughput techniques, we characterized the OMPs-F-PNPs physicochemical properties
and analyzed its efficacy in layer birds vaccinated orally.

Results: The candidate vaccine was resistant in acidic microenvironment and had ideal
physicochemical properties for oral delivery in terms of particle size, charge, morphology,
biocompatibility, and pH stability. In vitro, in vivo, and ex vivo studies showed that F-protein
surface-anchored nanoparticles were better targeted to chicken immune cells in peripheral
blood and splenocytes and intestinal Peyer’s patch sites. In layer chickens inoculated orally
with OMPs-F-PNPs, substantially higher OMPs-specific IgG response and secretion of Thl
cytokine IFN-vy in the serum, enhanced CD8*/CD4" cell ratio in spleen, and increased OMPs-
specific lymphocyte proliferation were observed. OMPs-F-PNPs vaccination also upregulated
the expression of toll-like receptor (TLR)-2 and -4, TGF-, and IL-4 cytokines’ genes in chicken
cecal tonsils (lymphoid tissues). Importantly, OMPs-F-PNPs vaccine cleared Salmonella cecal
colonization in 33% of vaccinated birds.

Conclusion: This pilot in vivo study demonstrated the targeted delivery of OMPs-F-PNPs to
ileum mucosal immune sites of chickens and induced specific immune response to mitigate
Salmonella colonization in intestines.

Keywords: Salmonella antigens, polyanhydride nanoparticles, oral delivery, ileum, chickens

Introduction
Salmonella enterica causes foodborne disease in humans worldwide.! Salmonella
enterica serovar enteritidis is the most common infectious agent for animal and human
Salmonellosis.? Salmonella enteritidis reduces egg production in chickens and is respon-
sible for economic losses to the poultry industry.’ Importantly, S. enteritidis-infected
poultry meat and contaminated eggs are primary sources of human Salmonellosis.*
Salmonellosis has been reported worldwide. Millions of people are affected with
S. enteritidis infection resulting in three million deaths annually .’ It is strongly believed
that controlling Salmonellosis in poultry would reduce human Salmonellosis.®
Numerous approaches have been tried to control Sa/monella shedding in poultry
including vaccination.® It is expected that Salmonella vaccines decrease intestinal
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colonization, bacterial shedding in feces, and environmental
contamination, thereby reducing the public health risk.”
Currently, live-attenuated and killed/subunit vaccines are
used to control S. enteritidis.® Though live attenuated vaccines
are effective, the possibility of reversal to virulence limits its
application.’ Killed Salmonella vaccines, though safe, are
often contaminated with the endotoxin lipopolysaccharide'®
and generally provide limited protection owing to their
inability to induce cell-mediated immunity.'' Potent subunit
vaccines have the potential to induce high levels of antibody
responses and long-lasting immune memory and can be an
alternate to killed vaccines currently used.>'2 Salmonella outer
membrane proteins (OMPs) are immunogenic and contain
porins."® Porins induce antibody and cell-mediated immune
response against Sa/monella.'*" Partially purified OMPs have
better immunogenicity than both killed and live Salmonella
vaccines.'>® Salmonella OMPs delivered orally induced
mucosal immune response in chickens.' Immunogenicity of
subunit vaccines could be augmented when delivered with
adjuvants.’ OMPs activate antigen-presenting cells (APCs)
and induce the protective immune response in mice.!” Flagel-
lin interacts with a toll-like receptor (TLR)-5 that subse-
quently activates the production of inflammatory cytokines
and augments innate'® and adaptive immune responses. "

Oral application of polyanhydride nanoparticles (PNPs)
vaccines in poultry is highly desirable because it delivers
antigens to the gut-associated lymphoid tissues (GALT).?
Orally delivered potent PNPs-based vaccines induce levels
of intestinal mucosal antibody response higher than any other
routes of vaccination in mice.?’ One of the major limitations
of oral vaccination is the degradation of antigens in the gastric
environment.?'?> Mucoadhesive nanoparticle-based delivery
system protects the vaccine antigens from degradation in
the acidic pH conditions and delivers antigens to the small
intestine in rodent models.?*>4

Polyanhydride is a natural mucoadhesive polymer.?
It is cleaved in the gut exposing the carboxylic acid groups,
which form hydrogen bonds with hydroxyl groups of
glycoproteins in the gut mucus and thus possess the mucoad-
hesive properties.?® PNPs activate TLRs-2 and -4, innate
immunity, complement system, and APCs and induce long-
lasting immunity.?”?® The PNPs provide a sustained release
of vaccine antigens via surface erosion.”” Vaccine antigens
entrapped in PNPs induce high levels of Th1 and Th2 immune
responses.?***3* Furthermore, surface-modified PNPs enhance
the bioadhesive nature of the particles and have been shown to
specifically target the ileal Peyer’s patches (PP) in rats.>* In
this study, we designed PNPs containing Sa/monella OMPs and
flagellar (F)-protein-entrapped and surface F-protein-coated

PNPs (OMPs-F-PNPs) and subjected them to extensive physi-
cal and biological characterizations for oral delivery in birds.
Furthermore, the ability of OMPs-F-PNPs delivered orally
was analyzed for targeting to intestinal immune sites and the
induction of OMPs-specific immune response in chickens
(Scheme 1).

Materials and methods

Isolation of OMPs

OMPs from S. enteritidis (Phage type 13A from NVSL) were
isolated using the sequential detergent extraction method as
described previously*! with some modifications. Briefly, bac-
terial cultures were washed with PBS (pH 7.4) and lysed using
the French press (Tissue Lyser LT; Qiagen NV, Venlo, the
Netherlands). The bacterial inner membrane was solubilized
by treating with 1% Sarkosyl (Sigma-Aldrich Co., St Louis,
MO, USA) for 30 minutes and centrifuged (Optima L-100
XP ultracentrifuge: Beckman Coulter, IN, USA) at 20,000 g
for 30 minutes. The pellet was suspended in 10% sodium
dodecyl sulfate in 0.5 M Tris-HCI (pH 6.8) for 30 minutes
and centrifuged at 20,000x g for 30 minutes. The supernatant
containing soluble OMPs-enriched extract was dialyzed using
the Milli-Q water and freeze-dried with 5% sucrose as a cryo-
protectant. The protein concentration was estimated using the
Micro BCA™ Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA) as per the manufacturer’s instruction.

Isolation of F-Protein

S. enteritidis (Phage type 13 A from NVSL) was grown initially
in Trypticase soy agar plate and followed by inoculation into
brain heart infusion broth and incubated at 37°C without shak-
ing for 48 hours. Bacteria were washed three times in PBS and
centrifuged at 7,000x g for 30 minutes. The bacterial pellet was
treated with 3 M potassium thiocyanate (Sigma-Aldrich Co.)
in PBS solution for 2 hours under magnetic stirring. Super-
natant containing F-protein-enriched extract was collected
after centrifugation at 35,000x g for 30 minutes. Extracted
F-protein was dialyzed against PBS (pH 7.4) followed by using
Milli-Q water and freeze-dried using 5% sucrose. The protein
concentration was estimated using the Micro BCA™ Protein
Assay Kit as per the manufacturer’s instructions.

Analyses of OMPs and F-protein by
SDS-PAGE

The isolated OMPs and F-protein extracts were mixed with
a gel loading dye containing -mercaptoethanol, denatured
at 95°C for 5 minutes before loading onto the gel. Separation
of the protein was achieved using SDS-PAGE analyses using
5% (v/v) stacking and 10% (v/v) separation gels, followed by
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Scheme | Schematic illustration showing the fate of orally delivered OMPs-F-PNPs in layer chickens.

Notes: Orally delivered OMPs-F-PNPs carboxylic acid groups form hydrogen bonds with the hydroxyl groups of mucus glycoproteins. OMPs-F-PNPs surface-coated

F-protein helped to target the particles to ileal M cells.

Abbreviations: F, flagellar; OMPs, outer membrane proteins; OMPs-F-PNPs, OMPs and F-protein-entrapped and surface F-protein-coated PNPs; PNPs, polyanhydride

nanoparticles.

staining with Coomassie brilliant blue R-250 for 2 hours. The

stained gel was destained, and the protein molecular weight

F-protein-coated PNPs

Preparation of OMPs-F-PNPs and surface

was determined using the standard protein molecular weight
size marker ladder (235 to —9 kDa) (Figure S1).

The OMPs-F-PNPs were formulated by a solvent displacement
method as described previously® with some modifications.

International Journal of Nanomedicine 2018:13

submit your manuscript

8197

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Renu et al

Dove

Briefly, 100 mg of polyanhydride (MW ~216,000; Sigma-
Aldrich Co.) polymer was dissolved in 2 mL of acetone by
sonication. Both OMPs and F-protein (2.5 mg each) were
dispersed in 3 mL acetone and mixed with 100 mg polyan-
hydride solution under magnetic stirring. A total of 50 UL of
Span® 80 (Sigma-Aldrich Co.) was added to the mixture and
the solution was magnetically stirred for 1 hour at room tem-
perature. Polymer was desolvated by adding 7 mL of absolute
ethanol. The nanoparticles were surface-coated with F-protein
by adding 2.5 mg of F-protein in 3 mL of deionized water
under magnetic stirring for 1 hour to evaporate the organic
solvents. The formulated nanoparticles’ suspension was cross-
linked by incubation with 1,3-diaminopropane (100 pug) for
5 minutes. OMPs-F-PNPs were collected by centrifugation at
27,000 g for 20 minutes and freeze-dried with 5% sucrose
as a cryoprotectant. Empty PNPs and PNPs coated with
F-protein (PNPs-F) were similarly prepared without OMPs
for targeted in vitro, in vivo, and ex vivo studies.

Analysis of nanoparticle shape, size,

charge, and surface labeling with F-protein
Hitachi S-4700 Field emission scanning electron microscope
(FESEM) was applied to determine the morphological char-
acteristics of OMPs-F-PNPs. Freeze-dried nanoparticles
were placed on carbon taped stubs and coated with platinum
prior to FESEM analysis. The average particle size distribu-
tion and charge of OMPs-F-PNPs were determined using
a Zetasizer Nano ZS90 (Malvern Panalytical, MA, USA).
The UV-visible spectrum of F-protein, PNPs, and PNPs-F
was obtained using the Beckman Coulter DU-800 UV—vis
Spectrophotometer in the range between 200 and 800 nm.

Encapsulation efficiency

The OMPs-F-PNPs formulation was digested in 0.1 M
NaOH for 4 hours at 37°C, sonicated, and dispersed in PBS
as described previously.*® The amount of protein released
into the supernatant was measured using the Micro BCA™
Protein Assay Kit. The protein loading efficiency in PNPs was
estimated by calculating difference between initial amount of
protein added to formulate nanoparticles and the amount of
protein released after digesting the nanoparticles. The surface
loading efficiency of F-protein in nanoparticle vaccine was
estimated by calculating difference between initial amount
of F-protein added to preformed empty nanoparticles and the
amount of protein released after digesting the particles.

Hemolysis assay
Two milliliters of fresh chicken blood was collected in EDTA.
Red blood cells (RBCs) were harvested by centrifugation at

1,000x g for 10 minutes. RBCs were washed three times in
sterile PBS and suspended in 3 mL of PBS. A total of 100 uL
of RBCs’ suspension was treated with positive control (Triton
X-100), negative control (PBS), or 250, 500, 750, and 1,000 g
of PNPs for 1 hour at 37°C and centrifuged at 12,000x g for
10 minutes. The absorbance of released hemoglobin in the
supernatant was read at 575 nm in the ELISA plate reader
(SpectraMax Plus 384; Molecular Devices LLC, Sunnyvale,
CA, USA). The percentage of lysis was calculated as described
previously* by using the following formula: ([treatment sam-
ple absorbance — negative control]/[positive control — negative
control]) x100. The erythrocyte-treated nanoparticles were
examined in a light microscope under 4x objectives (EVOS™
FL Cell Imaging System; Thermo Fisher Scientific).

pH stability analysis

Six milligrams of PNPs were incubated in 4 mL 0f 3.5, 4, 4.5,
5.5, 6.5, and 7.4 pH solutions at room temperature (22°C).
At various time points of incubation, 100 pL of aliquots were
collected and analyzed for turbidity reduction in duplicates
in a spectrophotometer at 405 nm as described previously.*
The pH stability was expressed as the percentage of turbidity
reduction and calculated as (initial absorbance — time point
absorbance)/initial absorbance x100.

Isolation of cells and in vitro immune cell

uptake study

The PNPs and PNPs-F were tagged with fluorescent dye by
incubating with 1.25 mg of rhodamine B isothiocyanate (RITC)
(Sigma-Aldrich Co.) for 5 minutes. The fluorchrome-labeled
nanoparticles were obtained by centrifugation at 10,500x g
for 10 minutes and freeze-dried with 5% sucrose.

Ten days after Sa/monella challenge, blood samples were
collected in sterile EDTA tubes and spleen in 2 mL RPMI
medium (GE Healthcare Bio-Sciences Corp., Piscataway,
NJ), the latter containing 10% FBS (Sigma-Aldrich Co.),
antibiotic—antimycotic (Thermo Fisher Scientific), sodium
pyruvate, 1 M HEPES, Minimum Essential Medium Non-
Essential Amino Acid Solution, and 2-mercaptoethanol, here-
after named as E-RPMI. Peripheral blood mononuclear cells
(PBMCs) were isolated by using the Ficoll-Paque™ PLUS
(GE Healthcare Bio-Sciences Corp.) as per the manufac-
turer’s protocol with slight modifications. Briefly, blood was
diluted in PBS (1:1 ratio), an equal volume of Ficoll-Paque™
PLUS solution was added and centrifuged at 450x g for
25 minutes at 20°C. Cells’ interface were collected, washed
2x in PBS, and suspended in E-RPMI. Splenocytes were
isolated by teasing spleen cells through a cell strainer using
PBS. An equal volume of Ficoll-Paque™ PLUS solution
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was added, and the suspension was centrifuged at 450x g for
30 minutes at 4°C. Splenocytes at the interface were collected
and washed two times with PBS, and cells were suspended
in E-RPMI. The isolated cells were used in in vitro and the
mixed lymphocyte proliferation assay.

For in vitro nanoparticle uptake study, PBMCs or sple-
nocytes harvested from unvaccinated mock chickens were
seeded at 5 million cells/well into a 12-well cell culture plate
and incubated overnight at 39°C in 5% CO,. The adhered cells
were treated with 1 mL of E-RPMI or RITC dye-tagged PNPs
(150 pg/mL) or RITC dye-tagged PNPs-F for 4 hours at 39°C.
Cells were washed 2x times with PBS, and RPMI without phe-
nol red was added. Cells were examined under the red channel
under a fluorescent microscope (IX70; Olympus Corporation,
Tokyo, Japan), and images were taken at 20x magnification.

An immunofluorescence assay was performed to detect
the cellular uptake of PNPs-F using a flagellin-specific anti-
body. For this, PBMCs (1 million cells/well) in a 96-well cell
culture plate were seeded and incubated overnight at 39°C
in 5% CO,. Adherent cells (macrophages) were treated with
E-RPMI or F-protein (10 pg) either in soluble form or coated
on PNPs (PNPs-F). After 4 hours of incubation, the cells were
fixed with 80% acetone and stained with rabbit anti-flagellin
antibody (Abcam, Cambridge, MA, USA) followed by Alexa
Fluor 488-conjugated goat anti-rabbit IgG antibody (Thermo
Fisher Scientific).*® The immunostained cells were observed
under the green channel in a fluorescent microscopy (IX70),
and images were taken at 20X magnification.

In vivo and ex vivo mucoadhesive study

To analyze the mucoadhesive nature of PNPs-F in chicken
intestine, 15-week-old layer chickens were inoculated orally
with control PBS or 0.6 mg of RITC dye either in soluble form
or tagged to PNPs or PNPs-F suspended in 1 mL PBS. After
4 hours of inoculation, the birds were euthanized and approxi-
mately 1 cm ileum was harvested, washed in PBS, and fixed
in Tissue-Tek® OCT compound (Sakura Finetek, Torrance,
CA, USA), and frozen at —80°C. The frozen samples were
sectioned (5 um thick) in cryostat microtome (CM1510S;
Leica Microsystems, Wetzlar, German), mounted on poly-L-
lysine precoated slides, stained with DAPI, and examined in a
cell imaging microscope (EVOS™ FL Cell Imaging System)
under 2x objective. For ex vivo mucoadhesive analyses,
approximately 10 cm of ileum was harvested from healthy
layer chickens, washed thoroughly in PBS, and incubated with
PBS or 0.6 mg RITC dye either in the soluble form or tagged
to PNPs or PNPs-F suspended in 1 mL of PBS for 4 hours at
37°C. The tissues were fixed, sectioned, and visualized under
the cell imaging microscope as described earlier.

OMPs-F-PNPs’ vaccination trial in layer

chickens

One-day-old Austra White laying chicks (n=40) were raised
at the OARDC animal house facility under standard animal
husbandry practices. Birds were provided with ad libitum
water and feed and housed in layer cages. All experimental
procedures were approved by the Institutional Animal Care
and Use Committee at The Ohio State University (Protocol
number: 2016A00000060). Animal experiment was per-
formed as per the recommendations by the Public Health Ser-
vice Policy, USDA Regulations, National Research Council’s
Guide for the Care and Use of Laboratory Animals and the
Federation of Animal Science Societies” Guide for the Care
and Use of Agricultural Animals in Agricultural Research
and Teaching. At the age of 6 weeks, hens were randomly
separated into four experimental groups (n=10 per group)
and inoculated orally with PBS (mock and mock + challenge
groups) or soluble OMPs (50 pg) + F-protein (50 p1g) in PBS
(soluble antigen group) or equivalent amount of proteins-
loaded OMPs-F-PNPs suspension in 1 mL of sterile PBS.
The same vaccine dose and oral delivery was repeated twice
more at the age of 9 and 12 weeks.

Nalidixic acid-resistant S. enteritidis pure culture (Phage
type 13A) was grown in 10 mL of tryptic soy broth (TSB)
at 37°C. At 8 hours of incubation, 100 puL of the bacte-
rial suspension was transferred into 10 mL fresh TSB and
incubated overnight at 37°C. One milliliter of the bacterial
suspension was transferred into 100 mL of fresh TSB and
incubated at 37°C until the culture absorbance reached
1.1. The bacteria were washed in PBS 3Xx, serially diluted,
and plated on xylose lactose tergitol-4 (XLT4) agar plates
to determine colony-forming units (CFUs). At the age of
15 weeks, birds were fasted for 8 hours and except mock
group other experimental groups were challenged with
S. enteritidis (1x10° CFU in 1 mL PBS) by oral gavage. Birds
were placed as pairs in cages in a randomized design and
necropsied at 10 days after Salmonella challenge infection
for sample collection.

Antibody response in OMPs-F-PNPs-

vaccinated birds
Chicken anti-OMPs IgG and IgA antibody titers were
analyzed by ELISA in serum, cloacal swab, bile, small
intestinal wash, and tracheal wash samples both at pre- and
post-Salmonella challenge infections. Blood samples were
collected at the age of 6, 9, 12, and 15 weeks.

Cloacal swab samples were collected in PBS, vortexed,
and centrifuged at 3,000x g for 10 minutes. Aliquots of serum
and cloacal supernatants were stored at —80°C until use.
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Small intestine and trachea samples were collected in 2 mL
PBS at termination (10 days after challenge), cut into tiny
pieces, vortexed, and centrifuged at 3,000x g for 10 minutes.
Aliquots of the supernatant were stored at —80°C until use.
Bile samples were collected from the gallbladder using an
insulin syringe on the day of necropsy, and aliquots were
stored at —80°C until use.

Flat bottom, high binding 96-well plates (Greiner Bio-One,
Monroe, NC, USA) were coated with pretitrated amount of
OMPs (2 pg/mL for IgG and 7.5 pg/mL for IgA ELISA) in
0.05 M sodium carbonate—bicarbonate buffer (pH 9.6) and
incubated overnight at 4°C. Plates were washed three times
and blocked with 5% skim milk powder in PBS Tween-20
(0.05%) (PBST) for 1 hour at room temperature. Plates were
washed in PBST 3%. Serum and bile samples were diluted
in 2.5% skim milk, and 50 UL of each sample was added to
duplicate wells. Undiluted cloacal swab, small intestinal wash,
and tracheal wash samples in 50 UL volume were added to
duplicate wells. Plates were incubated for 2 hours at 4°C and
washed 3%, and 50 puL of goat anti-chicken IgG-conjugated
HRP (Southern Biotech, Birmingham, AL, USA) (1:10,000
in 2.5% skim milk powder in PBST) or goat anti-chicken
IgA-conjugated HRP (Gallus Immunotech, Cary, NC, USA)
(1:3,000 in 2.5% skim milk powder in PBST) secondary anti-
bodies were added. Plates were incubated for 2 hours at room
temperature and washed 3%, and 50 uL/well of TMB peroxi-
dase substrate (1:1 mixture of TMB peroxidase substrate and
TMB peroxidase substrate solution B) (KPL, Gaithersburg,
MD, USA) was added to each well. The reaction was stopped
after 10-20 minutes by adding 1 M phosphoric acid. The OD
was measured at 450 nm using an ELISA plate reader. The
corrected OD was obtained by subtracting the treatment group
OD from blank control OD.

CD8*/CD4* cell ratio analysis by flow

cytometry

Splenocytes (1x10° cells/well) were seeded in 96-well plate
and incubated with pretitrated 1:200 dilution of fluorescein
isothiocyanate-conjugated mouse anti-chicken CD4
(Southern Biotech, Birmingham, AL, USA), pretitrated 1:400
dilution of phycoerythrin-conjugated mouse anti-chicken
CD8a (Southern Biotech), or 1:100 diluted mouse IgG
specific isotype control antibody for 20 minutes at 4°C. Cells
were washed 3% by centrifugation at 750 g for 3 minutes at
4°C. The percentage of CD4* and CD8" cells was analyzed
by flow cytometry (Guava Easy-Cyte; Merck Millipore,
Billerica, MA, USA) as described previously.’® The result
was expressed as CD8'/CD4* cell ratio.

Mixed lymphocyte proliferation response

in OMPs-F-PNPs-vaccinated birds

For the lymphocytes’ proliferation assay, PBMCs and spleno-
cytes were suspended in E-RPMI in triplicate wells and were
seeded in 96-well flat bottom tissue culture plates (Greiner
Bio-One) at 1x10° cells/well in 100 uL volume. Cells were
re-stimulated with OMPs (5 pg/mL) in 100 uL E-RPMI and
incubated for 72 hours at 39°C in a 5% CO, incubator. After
incubation, 20 UL of MTS + PMS solution was added into
cells and incubated for 4 hours at 37°C ina 5% CO, incubator.
The OD at 490 nm was recorded by an ELISA plate reader.
Stimulation index (SI) was calculated by dividing the OD
of stimulated cells by the OD of unstimulated control cells
of the same chicken.

TLRs and cytokines gene expression in

the cecal tonsillar lymphoid cells

Cecal tonsils were collected at 10 days post-Salmonella
challenge. Total RNA was extracted by using TRIzol reagent
(Thermo Fisher Scientific) and dissolved in Tris-EDTA
(pH 7.5) buffer, and the concentration of RNA was determined
by using NanoDrop™ 2000c Spectrophotometer (Thermo
Fisher Scientific). cDNA synthesis was achieved with 1 ug
of total RNA using the QuantiTect Reverse Transcription Kit
(Qiagen NV) according to the manufacturer’s instructions.
The mRNA transcripts of TLR-2, TLR-4, cytokines TGF-f3
and IL-4, and the house keeping gene B-actin (Table S1)
were analyzed by real-time PCR using the iQ™ SYBR®
Green Supermix (Bio-Rad Laboratories Inc., Hercules, CA,
USA). Target gene transcripts were normalized to the B-actin
housekeeping gene. Fold change from the reference was
calculated by using the 2(Ctsmple ~housckeeping) ) (Ctreference — housckeeping)

comparative Ct method, wherein Ct is the threshold cycle.

Bacteriology

Ceca (0.5 g) were homogenized in 2X concentration of
peptone water and incubated for 12 hours at 37°C for initial
enrichment of the bacteria. Subsequently, cecal homogenates
were streaked onto naladixic acid antibiotic containing XL'T
plate and incubated for 24 hours at 37°C. The black colored
S. enteritidis colonies in plates were qualitatively confirmed
as Salmonella by following the standard methods.*

Statistical analyses

Experimental results were expressed as mean * standard
error mean (SEM) of 810 chickens in each group. Data
were examined by nonparametric Kruskal-Wallis test and
the P-value difference between the groups was determined by
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Mann—Whitney test* using the GraphPad Prism 5 (GraphPad
Software, Inc., La Jolla, CA, USA). A P-value of <0.05 was
considered statistically significant.

Results and discussion
Characterization of isolated Salmonella

proteins’ extract and candidate

OMPs-F-PNPs vaccine

The isolated OMPs and F-protein were confirmed by SDS-
PAGE analyses. Proteins with approximate molecular
weight 22, 23, 28, 34, 36, 45, 46, 55, 65, 68, and 70 kDa
were detected in the OMP-enriched extract (Figure S1).
The F-protein-enriched extract had subunit proteins with
approximate molecular weight 21, 28, 35,42, 50, and 58 kDa
(Figure S1). Complex proteins are present in OMPs and the
flagellin-enriched extract of S. enteritidis.>’** SDS-PAGE
analyses of isolated OMPs revealed a complex electropho-
retic mobility profile containing at least 12 different proteins
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Figure | Physicochemical characterization of OMPs-F-PNPs.

ranging from 14 to 70 kDa.’” Similarly, flagellin-enriched
extract had proteins of 28-58 kDa size.*® Our OMPs and
F-protein-enriched extracts of S. enteritidis were comparable
to published reports.’”¥

Understanding the physicochemical properties of nano-
particles is essential to develop an effective vaccine as well
as to determine the fate of nanoparticles in vivo.** Our OMPs-
F-PNPs vaccine particles were spherical, uniform size dis-
tribution, and without aggregates as observed under FESEM
analysis (Figure 1A). The average particle size distribution of
OMPs-F-PNPs was 21515 nm with the polydispersity index
of 0.2 (Figure 1B). OMPs-F-PNPs had the negative aver-
age zeta potential charge of —38+4 mV (Figure 1C). PNPs
loaded with ovalbumin (OVA) using the solvent displace-
ment method are spherical in shape with uniform size.? In
an earlier study, antigen-loaded and surface flagellin-coated
PNPs by solvent displacement method have 391 nm size
particles with zeta potential —34 mV.?* OV A-loaded PNPs

500 nm

C
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Total counts
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2,000 -

0 T r T T T
-150 -100 -50 0 50 100
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Notes: (A) FESEM analyses (60 k; 500 nm scale bar). (B) Average particle size distribution (215 nm and PDI 0.2). (C) Average zeta potential distribution (—38 mV).

OMPs-F-PNPs, OMPs and F-protein-entrapped and surface F-protein-coated PNPs.

Abbreviations: F, flagellar; OMPs, outer membrane proteins; PDI, polydispersity index; PNPs, polyanhydride nanoparticles; FESEM, field emission scanning electron microscope.
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were found well dispersed and spherical in shape with the
particle size distribution of 290 nm and the surface charge
of =36 mV.* Size of nanoparticles is critical for efficient
uptake by APCs and for the induction of Thl and Th2
immune responses. It is well established that particle sizes
around 500 nm or less are optimum for uptake by dendritic
cells (DCs) and macrophages.*' The 20-200 nm virus-like
particles are internalized by APCs via clathrin-dependent
endocytosis.* Surface charge plays a major role in nano-
particle uptake by immune cells and immune activation.*”
Nanoparticles with the zeta potential value of above —25 mV
are essential to prevent large aggregates and improve their
stability.* PNPs’ negative charge helps to maintain high
stability and homogeneity in physiological conditions.*’ The
higher the negative charge of nanoparticles, greater is the
interaction between nanoparticles and mucus in the mucosal
layer.?® Spherical particles were actively internalized by
DCs and deliver loaded antigens.* Based on the available
reports, OMPs-F-PNPs constructed for this study were of the
appropriate size, charge, and shape for uptake by APCs and
subsequent induction of immune responses.

The entrapment efficiency of OMPs and F-protein was
78%, and the surface F-protein loading efficiency was around
25% in OMPs-F-PNPs. This was consistent with PNPs-
loaded peanut proteins by solvent displacement method
with 70%—-80% encapsulation efficiency.* Similarly, the
encapsulation efficiency of OVA-loaded PNPs was 84%.%
PNPs’ surface coating with F-protein was analyzed by UV—vis
spectroscopy. The empty PNPs had no detectable absorbance
peak at 280 nm, whereas F-protein and PNPs-F had absorption
at 280 nm (data not shown). The presence of F-protein absor-
bance peak in PNPs-F formulation confirms the occurrence of
F-protein in formulated nanoparticles. Presence of antigen in
PNPs was confirmed by regular UV—vis spectroscopy.*

The hemolysis assay was designed to identify if nano-
particles lyse RBCs.* Initial screening for compatibility
of the polymer was performed using whole blood, which
determines the in vivo acute toxicity based on the lysis of
RBCs.* In vitro assay showing nanoparticle-induced hemo-
lysis correlates with in vivo toxicity.*” PNPs did not induce
the lysis of erythrocytes even with 1,000 g concentration,
and the absorbance value was comparable to control PBS-
treated RBCs (Figure S2A). In contrast, Triton X-100 lysed
100% of RBCs. Even the morphology of RBCs was intact
upon PNPs’ treatment as shown by microscopy (Figure S2B).
Mice inoculated orally with PNPs did not induce the expres-
sion of inflammatory mediators or any functional biomarkers
with the absence of any histological changes in major vital

organs compared to control group,*® suggesting that PNPs
are safe for oral delivery.

The PNPs’ stability in acidic and alkaline pH environ-
ments was studied to determine the PNPs’ ability to with-
stand stomach and intestinal conditions. Nanoparticles form
turbidity in biological solution, and a reduction in turbidity
indicates reduced stability.*® Increasing the time of incubation
from 1 to 3 hours slightly increased the turbidity reduction
values (Figure S2C). PNPs incubated at pH 3.5 for 3 hours
had 10% reduction in turbidity. While the percentage turbid-
ity reduction at 0 and 3 hours’ incubation at pH 6.5 and 7.4
was comparable (Figure S2C), indicating that PNPs were
stable at both acidic and alkaline pH conditions. Processed
PNPs were found stable in biological buffer over a period
of time.*® Hemolysis and turbidity reduction assay results
suggested that PNPs are suitable for the delivery of vaccine
antigens orally in chickens.

In vitro uptake of PNPs-F by immune cells
PBMCs and splenocytes harvested from healthy layer chick-
ens were used in the assay. Through germ line-encoded pattern
recognition receptor TLRS, the flagellin triggers both immune
and nonimmune cells. The TLR-5 is present in a variety of
immune cells, including DCs, monocytes, macrophages,
and lymphocytes. Myeloid-derived DCs directly recognize
F-protein through TLRS, and spleen DCs indirectly respond
to F-protein by stimulating other TLR-5-expressing cells.* 2
Moreover, due to similarity in the size of pathogens to nano-
particles, they are identified and internalized by APCs* such
as DCs.* To understand whether the F-protein surface-coated
PNPs are more readily targeted to chicken immune cells, a
preliminary in vitro study with PBMCs and splenocytes was
performed. Cells treated with RITC-tagged PNPs or PNPs-F
showed red or green fluorescence under a fluorescence micro-
scope compared to control cells (Figure 2). PNPs-F-treated
PBMC:s and splenocytes had high fluorescence signal com-
pared to PNPs’ treatment (Figure 2A and B). Furthermore,
immunostaining of flagellin using the specific antibody
showed a clear signal in PNPs-F treated immune cells, whereas
soluble F-protein treatment showed very low signal. Medium
only control did not have any background fluorescence signal
in cells (Figure 2C). Uniformity of particle size and surface
charge determines the fate of nanoparticles’ internalization in
immune cells. Fluorescent-labeled PNPs were internalized in
mouse macrophage J744 cells by the clathrin-mediated endo-
cytosis pathway.” The results of this in vitro study revealed
F-protein coating on the PNPs facilitate better uptake of
particles than those particles without F-protein.
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A Control

B Control

Control

Figure 2 In vitro uptake of PNPs-F by immune cells.

PNPs

PNPs

PNPs-F

F-protein

PNPs-F

PNPs-F

Notes: (A) PBMCs and (B) splenocytes were treated with medium or RITC dye-tagged PNPs, or RITC dye-tagged PNPs-F for 4 hours and examined in red channel under
fluorescent microscopy at 20x magnification. (C) PBMCs were treated with medium or F-protein, or PNPs-F for 4 hours and immunostained with flagellin antibody, and cells

were observed in green channel under fluorescent microscopy at 20x magnification.

Abbreviations: F, flagellar; PBMCs, peripheral blood mononuclear cells; PNPs, polyanhydride nanoparticles; RITC, rhodamine B isothiocyanate; PNPs-F, surface F-protein-

coated PNPs.

In vivo and ex vivo analyses of

mucoadhesive nature of PNPs-F

Follicle-associated epithelium of PPs is composed of micro-
fold (M) cell. The M cells sample foreign antigens and
initiate the specific adaptive immune response.>* Flagellin
plays a major role in the colonization of Salmonella to the
intestinal mucosa and invasion through M cells.?*> Soluble
antigens of Salmonella including flagellin if not delivered
through nanoparticles are poorly internalized by M cells
in PPs.’® The PNPs are natural TLR-4-specific adjuvants
and recognize M cells and other lymphoid cells expressing
pathogen recognition receptors.?’”” To confirm whether
PNPs-F mimics live Sa/monella in targeting to ileal mucosal

immune cells, we performed in vivo and ex vivo studies

in the ileum of chicken. PNPs-F were delivered orally and
found adhered to mucosal surface, by ileal PPs and lamina
propria immune cells in both in vivo and ex vivo studies.
The PNPs without F-protein surface coating were poorly
internalized by ileal immune cells (Figures 3 and S3). In the
control group, RITC fluorescent dye was found nonspecifi-
cally adhered to the mucosal surface in ex vivo study, but
such nonspecific adherence was absent in birds given orally
(Figures 3 and S3). Thus, our fluorescent dye-based mucoad-
hesive PNPs’ study results suggested that F-protein surface
labeling is essential for an improved uptake of nanoparticles
by chicken ileal immune cells. In a related study, PNPs’
surface coated with F-protein delivered orally were found
uptaken by M cells in rodent ileal PPs.?® Taken together
with our in vitro, in vivo, and ex vivo results, we conclude
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PNPs RITC control PBS control

PNPs-F

Figure 3 Uptake of fluorescent-tagged PNPs-F in the ileum of chicken.

Notes: Layer chickens were treated orally with PBS, RITC dye, RITC dye-tagged PNPs, or RITC dye-tagged PNPs-F for 4 hours. Chickens were euthanized and ileum
harvested, washed, processed, fixed, sectioned, stained with DAPI, and examined under a fluorescent microscope. The images were obtained at 2x magnification, and scale

bar is 2 mm. PNPs-F, surface F-protein coated PNPs.

Abbreviations: F, flagellar; PNPs, polyanhydride nanoparticles; RITC, rhodamine B isothiocyanate.

that PNPs surface coated with F-protein specifically target
chicken immune cells and also ileal mucosal M cells.

OMPs-F-PNPs enhanced OMPs-specific

antibody response

Antibodies play a major role in clearing extracellular bacteria,
whereas activated effector T lymphocytes clear intracellular
bacteria; both are critical for protective response against
Salmonella.’® OMPs-specific IgG antibodies were detect-
able in serum after prime-inoculation of OMPs-F-PNPs
in chickens (Figure 4A), and after first and second booster
vaccinations, the induced antibody titers were substantially
higher (P<<0.05) compared to soluble antigens received
group (Figure 4B and C). As expected, S. enteritidis challenge
significantly boosted OMPs-specific IgG and IgA antibody
responses in all the treatment groups compared to mock

control (Figure 5A—F). In particular, OMPs-F-PNPs vaccina-
tion significantly (P<<0.001) increased OMPs-specific IgG
antibody response in serum and bile samples compared to
the mock group (Figure SA and B). Similarly, OMPs-F-PNPs
vaccination significantly (P<<0.001) increased OMPs-specific
IgA antibody response in bile, cloaca, and small intestine
samples compared to the mock group (Figure SC-E). But,
OMPs-specific IgA antibody titers in OMPs-F-PNPs vac-
cinated chickens’ bile, cloacal swab, small intestine, and
tracheal wash samples were numerically increased compared
to mock-challenge and soluble antigens-vaccinated groups
(Figure 5C-F). In mice, OMPs’ vaccination increases
specific antibody response and provides cross-protective
response against Salmonella infection.”® In chickens,
parenterally administered soluble OMPs, challenged with
S. enteritidis, induce antibody response. A report published
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1. Mock 2. OMPs and F-protein 3. OMPs-F-PNPs

Figure 4 Postvaccinate OMPs-specific antibody response in chickens vaccinated orally with OMPs-F-PNPs.

Notes: Layer chickens were inoculated orally three times at 3-week intervals with PBS (Group 1), or soluble OMPs and F-protein (Group 2), or OMPs-F-PNPs (Group 3).
(A—C) OMPs-specific IgG antibody response in serum was analyzed by ELISA. Each bar is the mean + SEM of 8—10 chickens, and the data were analyzed by nonparametric
Kruskal-Wallis test followed by P-value differences in between the groups determined by Mann—Whitney test. Asterisk refers to statistical difference between the two
indicated groups (**P<<0.01). OMPs-F-PNPs, OMPs and F-protein-entrapped and surface F-protein-coated PNPs.

Abbreviations: F, flagellar; OMPs, outer membrane proteins; PNPs, polyanhydride nanoparticles; SEM, standard error of the mean.

two decades ago concluded that OMPs injected subcutane-  in mice induced specific IgA response that was detected in
ously with an adjuvant increased the antibody response and  feces.®' Spherical shaped nanoparticles-based antigen deliv-
deceased the bacterial shedding in chickens.'® Salmonella  ery improved antigen-specific antibody titers.* Nanoparticles
antigen-conjugated starch microparticles delivered orally  release antigens in a controlled manner and enhance the
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Figure 5 Postchallenge OMPs-specific antibody response in chickens vaccinated orally with OMPs-F-PNPs.

Notes: Layer chickens were inoculated orally three times at 3-week intervals with PBS (Groups | and 2), or soluble OMPs and F-protein (Group 3), or OMPs-F-PNPs
(Group 4). Except mock (Group ) other groups were challenged orally with 1x10° CFU/mL of live S. enteritidis and euthanized at day 10 postchallenge. Samples collected
from birds were analyzed for OMPs-specific antibody response by ELISA: (A) IgG in serum; (B) IgG in bile; (C) IgA in bile; (D) IgA in cloacal swab; (E) IgA in small intestinal
wash; (F) IgA in tracheal wash. Each bar is the mean * SEM of 8-10 chickens, and the data were analyzed by nonparametric Kruskal-Wallis test followed by P-value differences
in between the groups determined by Mann—Whitney test. Asterisk refers to statistical difference between the two indicated groups (*P<<0.05, **P<<0.01, and ***P<<0.001).
OMPs-F-PNPs, OMPs and F-protein-entrapped and surface F-protein-coated PNPs.

Abbreviations: CFU, colony-forming unit; Ch, challenge; F, flagellar; OMPs, outer membrane proteins; PNPs, polyanhydride nanoparticles; SEM, standard error of the mean.
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duration of availability of antigens to immune cells, thereby
increasing the quality of immune response.®* OVA-loaded
and surface flagellin-coated PNPs delivered orally in mice
enhanced IgG and IgA antibody response compared to
soluble antigen and surface unmodified PNPs.?

OMPs-F-PNPs improved T-cell responses

Stimulation of antigen-specific CD4* and CD8" T cells
indicates the trigger of cellular immunity.*> OMPs-F-PNPs
oral vaccination induced cell-mediated immune response
in chickens was determined by estimating CD8"/CD4" cell
ratios, interferon gamma (IFN-y) levels in serum, and OMPs-
specific lymphocyte proliferation response in PBMCs. We
immunostained chicken splenocytes and performed the flow
cytometry, and the CD4" and CD8* T cells were gated as

reported earlier (Figure S4).>* The CD8" T-cell frequency
was higher in all the treatment groups compared to CD4*
T cells, which correspond to an inverse CD4*/CD8" cell ratio.
OMPs-F-PNPs vaccinated birds splenocytes had significantly
higher (P<<0.05) CD8*/CD4" cell ratio compared to mock-
vaccinated and soluble antigen-vaccinated birds challenged
with virulent Salmonella (Figure 6A). OVA-loaded PNPs
vaccination in mice enhances CD4" and CD8" T cells in
spleen compared to soluble OVA and PNPs.*> OVA-PNPs
immunized mice splenocytes increase the frequency of
OV A-specific IFN-y-secreting CD8* T cells.”’

The OMPs-F-PNPs vaccinated and challenged chickens had
slightly increased levels of IFN-y in serum compared to other
treatment groups (Figure 6B). In OMPs-F-PNPs vaccinated
and challenged chickens, PBMCs restimulated with OMPs had
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Figure 6 OMPs-specific cell-mediated immune response in OMPs-F-PNPs orally inoculated and Salmonella-challenged chickens.

Notes: (A) Flow cytometry analyses of CD8*/CD4* cell ratio. Splenocytes were immunostained with fluorochrome-labeled mouse anti-chicken CD4 and mouse anti-chicken
CD8a antibody. The frequency of CD4* and CD8* lymphocytes in the spleen was examined, and the result was expressed as CD8'/CD4" cell ratio. (B) Serum IFN-y levels
estimated by ELISA. (C) OMPs-specific lymphocytes’ proliferation was measured as stimulation index values in PBMCs by using a calorimetric assay. Each bar is the mean = SEM
of 8-10 chickens, and the data were analyzed by nonparametric Kruskal-Wallis test followed by P-value differences in between the groups determined by Mann—Whitney test.
Asterisk refers to statistical difference between two indicated groups (*P<<0.05). OMPs-F-PNPs, OMPs and F-protein-entrapped and surface F-protein-coated PNPs.
Abbreviations: Ch, challenge; F, flagellar; OMPs, outer membrane proteins; IFN-y, interferon gamma; PBMCs, peripheral blood mononuclear cells; PNPs, polyanhydride

nanoparticles; SEM, standard error of the mean.
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slightly increased lymphocytes stimulation index compared
to other treatment groups (Figure 6C). Due to rapid absorp-
tion and degradation of in vivo delivered soluble antigen, it
did not stimulate specific immune response, whereas PNPs
nanovaccine due to sustained antigen release stimulates long-
lasting immunity and enhances antigen-specific lymphocytes’
proliferation.*” Antigen-specific proliferation of lymphocytes
suggests the induction of cell-mediated immunity in poultry.'?
Salmonella OMPs activate DCs by augmenting the expres-
sion of maturation markers CD80 and CD86.” OMPs-treated
DCs induce allogenic lymphocyte proliferation and increased
IFN-y production in mice.** Mice immunized with porins and
challenged with Salmonella had higher frequency of IFN-y
producing CD4* T cells.** PBMCs of birds inoculated with
OMPs and co-restimulated with concanavalin A and OMPs
induced OMP-specific cell proliferation.' Killed Salmonella-
injected birds had increased OMPs and flagella-specific lym-
phocyte proliferative response with enhanced serum IFN-y
levels.® Nanoparticles (20200 nm) enhance CD4 and CDS8
cells’ frequency and Th1 immune response.**? Intraperitone-
ally administered PNPs increases IFN-y production and CD8*

T-cell response in mice.”” Due to potent adjuvant property,
antigen-loaded bioadhesive PNPs enhance antigen-specific
Th1 immune response.’

OMPs-F-PNPs upregulated TLRs and

cytokine mRNA expression

PNPs activate TLR-2, -4, and -5 to stimulate Thl response
in DCs.?” Immunostimulatory adjuvants trigger innate immu-
nity via the engagement of pathogen-associated molecular
patterns (PAMPs). TLRs recognize PAMPs and trigger
cytokine production and initiate innate and adaptive immune
responses.®®S” Salmonella sp. flagellin is a ligand for TLR-5,
a PAMP-like receptor on DCs and macrophages.®” OMPs also
activate the TLR-4 signaling pathway leading to the matura-
tion of DCs.®* Specific TLRs control the function of APCs
by upregulating the expression of activation markers CD80
and CD86 and adhesion molecules.?” In our study, the expres-
sion of TLR-2 mRNA in ceca lymphoid tissues was slightly
upregulated in OMPs-F-PNPs-vaccinated chickens compared
to control groups (Figure 7A). Remarkably, OMPs-F-PNPs
significantly (P<<0.05) upregulated TLR-4 mRNA expression

A B %
N 151 ¥ 251
14 14

c c
r-'.g r-'.g 2.0
S 9 10- LR
o e » £ 154
[ [
) )
2< 2< 1.0 4

0.5 1
() ()
>Z >Z
=4 S 05-
& E & £
[} )
(14 0.0 (14 0.0-
1 2 3 4

C D
@ 151 < 157
3 s Jc
.9 = 0
5 8 5
o 2 1.0 1 0o 1.0 1
) = 0 =
oS 2o

X X
>3 20
2 o <
= ® X
% £ E £
(14 0.0- 0.0-

1 2 3 4 1 2 3 4
1. Mock 2. Mock + Ch 3. OMPs and F-protein + Ch 4. OMPs-F-PNPs + Ch

Figure 7 Expression of TLRs and cytokines mRNA in the cecal tonsils of OMPs-F-PNPs orally inoculated and Salmonella-challenged chickens.

Notes: The relative mRNA expression levels of (A) TLR-2, (B) TLR-4, (C) TGF-f3, and (D) IL-4. Each bar is the mean £ SEM of 7-10 chickens, and the data were analyzed by
nonparametric Kruskal-Wallis test followed by P-value differences in between the groups determined by Mann—Whitney test. Asterisk refers to statistical difference between
two indicated groups (*P<<0.05). OMPs-F-PNPs, OMPs and F-protein-entrapped and surface F-protein-coated PNPs.

Abbreviations: Ch, challenge; F, flagellar; OMPs, outer membrane proteins; PNPs, polyanhydride nanoparticles; TLRs, toll-like receptors; SEM, standard error of the mean.
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in cecal tonsils compared to all other groups (Figure 7B).
PNPs act as an adjuvant by stimulating the complement sys-
tem and attract immature APCs through activating TLR-2 and
TLR-4 signaling pathways? and promoting the secretion of
cytokine.?” In the Sa/monella-challenged birds, the levels of
expression of TGF-[3 and IL-4 cytokines mRNA were slightly
upregulated in OMPs-F-PNPs-vaccinated birds compared to
soluble antigens-vaccinated groups (Figure 7C and D), while
soluble antigens downregulated IL-4 mRNA expression
(Figure 7D). In splenocytes of mice vaccinated with porins,
increased IL-4 and IFN-y mRNA expressions were detected
both at pre- and post-Salmonella challenges, respectively.*
OV A-loaded PNPs significantly enhance Th1 and Th2 mRNA
expression levels in splenocytes of mice.*” Thus, our avian
vaccination data presented here suggest that OMPs-F-PNPs-
vaccinated chickens have the potential to modulate TLRs and
cytokines’ expression in the cecal tonsils.

OMPs-F-PNPs reduced the Salmonella
shedding

Oral vaccination of birds with OMPs-F-PNPs was shown
to deliver the vaccine to intestinal immune cells with resul-
tant induced OMPs-specific antibody and T-cell responses.
To determine if this vaccination approach modulated the
dynamics of anamnestic response in the intestines of birds;
in a pilot study, vaccinated birds were challenged with a very
high dose of S. eneritidis (1x10° CFU per bird). The resultant
data showed that OMPs-F-PNPs vaccination still cleared the
Salmonella from the cecum of 33% of birds (Figure S5).
Empty PNPs induced potent adjuvant effect was shown to
protect against lethal Salmonella challenge in mice.”” High
levels of Salmonella-specific IgG and IgA antibodies clear
the infection from the gut of chicken.®® Induction of intes-
tinal secretory IgA and T-cell responses protects chickens
from Salmonella.”

Conclusion

A mucoadhesive polyanhydride nanocarrier was formulated
and designed to deliver Sa/monella subunit vaccine antigens
orally to poultry. The surface-engineered nanovaccine with
Salmonella F-protein was designed to specifically target ileal
immune cells. In OMPs-F-PNPs inoculated and challenged
birds, the robust anamnestic immune response was indicated
by augmented OMPs-specific IgG, mucosal IgA, T-cell,
and cytokine responses. Further studies are required to
improve the vaccine efficacy by adding secondary adjuvant
in the vaccine formulation to mitigate Salmonella shedding
in poultry.
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Supplementary materials

Table S| Sequence of the primers used in gqRT-PCR analyses

Serial Oligo Sequence (5'>5)

number | name

| Bactin ACCGGACTGTTACCAACACC (F)
GACTGCTGCTGACACCTTCA (R)

2 TLR-2 GCTCAACAGCTTCTCCAAGG (F)
CCACCAGGATGAGGATGAAC (R)

3 TLR-4 ACCTACCCATCGGACACTTG (F)
TGCCTGAGAGAGGTCAGGTT (R)

4 TGF- AGGATCTGCAGTGGAGTGGAT (F)
CCCCGGGTTGTGTTGGT (R)

5 IL-4 AACATGCGTCAGCTCCTGAAT (F)

TCTGCTAGGAACTTCTCCATTGAA (R)

Abbreviations: TLR, toll-like receptor; IL, interleukin; TGF, transforming growth

factor.

Lane 1 Lane 2 Lane 3

170

130

93

70

53

4

30

Figure S| SDS-PAGE analyses of isolated Salmonella protein extracts.
Notes: Lane |: standard protein marker (kDa); Lane 2: F-protein; and Lane 3: OMPs.
Abbreviations: F, flagellar; OMPs, outer membrane proteins.
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100 7 1. Triton X-100
2.PBS
3. PNPs 250 pg
80 1 4. PNPs 500 pg
5. PNPs 750 pg
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Figure S2 Analysis of biocompatibility and pH stability of PNPs.

Notes: (A) Hemolysis assay using chicken RBCs treated with (1) Triton X-100; (2) PBS; and (3—6) various indicated concentrations of PNPs. (B) Simple microscopy pictures
of chicken RBCs incubated with (a) Triton X-100; (b) PBS; and (c) PNPs (1,000 ug/mL) for 3 hours. (C) In vitro pH stability of PNPs treated for |, 2, and 3 hours.
Abbreviations: PNPs, polyanhydride nanoparticles; RBCs, red blood cells.
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DAPI RITC Merge

2 mm

Figure S3 Mucoadhesive nature of fluorescent-tagged PNPs-F in the chicken ileum by ex vivo analysis.

Notes: lleum was harvested from healthy layer chickens and treated with PBS, RITC dye, and RITC dye-tagged PNPs-F in PBS for 4 hours, washed, fixed, sectioned, stained
with DAPI, and examined under a fluorescent microscope. The images were obtained at 2x magnification, and scale bar is 2 mm. PNPs-F, surface F-protein-coated PNPs.
Abbreviations: PNPs, polyanhydride nanoparticles; RITC, rhodamine B isothiocyanate.
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RITC control
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Figure S4 Flow cytometry gating pattern of control, IgG isotype, CD4*, CD8, and CD4'CD8" cells.
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Figure S5 Detection of live S. enteritidis in the ceca of chickens orally inoculated with OMPs-F-PNPs and Salmonella-challenged.
Notes: Fresh cecal samples were tested for live S. enteritidis by culture method. Initially, bacteria were enriched in peptone water (2x concentration) for 12 hours at 37°C,
followed by streaking on the XLT plates. Representative colonies from the plates were confirmed as Salmonella by standard methods. Each bar represents the S. enteritidis-
positive/negative chickens under each group. OMPs-F-PNPs, OMPs and F-protein-entrapped and surface F-protein-coated PNPs.
Abbreviations: Ch, challenge; F, flagellar; OMPs, outer membrane proteins; PNPs, polyanhydride nanoparticles; S. enteritidis, Salmonella enteritidis; XLT, xylose lysine tergitol.
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