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ARTICLE INFO ABSTRACT

Keywords: Vaccines are formulated with adjuvants to enhance or direct antigen-specific immune responses against pa-
Adjuvant thogens. However, the mechanisms of action (MOA) of adjuvants are not well understood and are under-in-
Imraflermal vestigated in large animal species. We have previously reported that injection of mice induced innate immune
Vaccine responses as indicated by increased cell recruitment and cytokine production at the site of injection with
Pigs polyphosphazene (PCEP) adjuvant. In the present study, we evaluated whether PCEP induced similar innate
Polyphosphazene

immune responses in pigs. Piglets were injected with either PCEP or Emulsigen intradermally (I.D.) and the local
cellular infiltration and cytokine production were evaluated at the site of injection and the draining lymph
nodes. PCEP induced infiltration of macrophages, T and B cells, leucocytes and necrotic debris at the site of
injection as well as PCEP-induced leucocyte infiltration in the draining lymph nodes. Emulsigen induced diffuse
infiltration of leucocytes, macrophages, and lymphocytes at the site of injection as well as at the draining lymph
nodes. PCEP induced significant production of interleukin IL-1f3, and IL-13 at the site of injection and IL-1f, and
IL-6 at the draining lymph nodes. Emulsigen promoted the production of IL-1f, IL-6, and IL-12 at the site of
injection but not in the draining lymph nodes. No cytokines were detected in blood after injection of either
adjuvant. Together, our data indicate that in pigs, the adjuvants PCEP and Emulsigen stimulate early innate
immune responses at the injection site by creating an immunocompetent environment that may contribute to
increased immunogenicity of the co-administered antigens.

Innate immunity

1. Introduction

Effective adjuvants enhance the immunogenicity of highly purified
or recombinant antigens but despite being used for decades in vaccines,
the mechanisms of action (MOA) of many adjuvants remain unknown.
This lack of clarity regarding adjuvant MOA has limited development
and approval of new adjuvants for human use (Calabro et al., 2011).
Vaccination with antigen alone often triggers little or no specific im-
mune responses unless formulated with an adjuvant that activates the
innate immune responses (Calabro et al., 2011; Levitz and Golenbock,
2012; Liang and Loré, 2016; McKee et al., 2009; Pasquale et al., 2015;
Schijns, 2002; Wang and Singh, 2011). Studies in mice indicate that
vaccine adjuvants enhance immunogenicity of antigen by activating
early innate immune responses and promoting a strong im-
munostimulatory environment at the site of injection (Gupta and

Chaphalkar, 2015; Kanzler et al., 2007; Milligan, 2014).

We previously reported that poly[di(sodiumcarbox-
ylatoethylphenoxy)phosphazene] (PCEP), a high-molecular weight,
water-soluble polymer, enhanced long-lasting immune responses when
co-administered with a variety of viral and bacterial antigens in mice,
pigs and cattle (Awate et al., 2012; Eng et al., 2010; Magiri et al.,
2018a; McNeal et al., 1999; Mutwiri et al., 2008, 2007). We recently
reported on PCEP MOA in a series of studies. In mice, PCEP induced
recruitment of immune cells to the site of injection and promoted
transport of antigen to the draining lymph node (Awate et al., 2014b;
Dupuis et al., 2001). The cells recruited following intramuscular (i.m.)
injection of PCEP to the site of injection and the draining lymph nodes
in mice constituted largely of neutrophils but also macrophages,
CD4 + T cells, CD8 + T cells and CD19 + B cells, monocytes and DCs
(Awate et al., 2014b). Further, PCEP promoted cytokine and chemokine
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production as well as regulation of a number of ‘adjuvant core response
genes’ at the intramuscular injection site in mice and pigs (Awate et al.,
2012; Magiri et al., 2016; Mutwiri et al., 2008). Specifically, studies
with mice and pigs revealed species-specific differences in polypho-
sphazenes induced stimulation of innate immune responses (Awate
et al.,, 2012; Magiri et al., 2016, 2018b). Intramuscular injection of
PCEP induced time-dependent changes in the gene expression of many
“adjuvant core response genes” (Mosca et al., 2008) such as chemokine
genes CCL-2, CCL-4, CCL-5, CCL-12 and CXCL-10 in mice (Awate et al.,
2012) and CCL2 and CXCL10 (but not CCL- 5) in pigs (Magiri et al.,
2016). Major transcription factor NF-kB gene and the inflammatory
cytokine TNF-a genes were up-regulated in response to PCEP in mice
(Awate et al., 2012) but not in pigs (Magiri et al., 2016). Additionally,
in pigs, PCEP induced IL-6 gene expression but not IL-10, IL-17 or IFN-a
(Magiri et al., 2016 PCEP injection in mice increased the expression of
TLR4 and TLR9 at the site of injection (Awate et al., 2012) whereas
PCEP did not induce significant expression any of the TLR genes in pigs
suggesting differences in activation of immune responses in different
animal species (Magiri et al., 2016). However, across species, PCEP may
modulate antigen-specific immune responses by activating early innate
immune responses and promoting a strong immunostimulatory en-
vironment at the site of injection. By promoting the induction of tran-
sient innate immune responses, adjuvants may promote antigen-specific
immunity.

Very little is known about MOA of adjuvants in pigs. We recently
reported that PCEP induced the expression of chemokines and proin-
flammatory cytokines genes when injected intradermally in pigs
(Magiri et al., 2016) suggesting that PCEP may promote recruitment of
immune cells at the site of injection. Further unlike what was observed
in mice, PCEP did not induce significant expression of any of the TLR
genes in pigs suggesting species-specific differences in activation of
innate immune responses (Magiri et al., 2016). We hypothesize that
PCEP induces an innate immune response at injection sites and thus
creates an immune microenvironment to facilitate vaccine triggered
adaptive immunity. In the current study, we investigated whether PCEP
activates cytokine production and recruitment of immune cells in pigs
by evaluating changes at the site of injection and the draining lymph
nodes. Emulsigen, a known commercial adjuvant for pig vaccines, was
included for comparative purposes.

2. Materials and methods
2.1. Animal experiments

The animal experiments were approved by the University of
Saskatchewan’s Animal Research Ethics Board, and adhere to the
Canadian Council on Animal Care guidelines for humane animal use.
Groups consisted of 2 control groups (naive, unimmunized animals and
pigs injected with PBS) and 2 treatment groups (pigs injected with PCEP
or emulsigen).The animals were 3-4 four weeks old commercial cross
breed pigs (20 animals per group with n = 5 animals euthanized at 4
specific time points (Days 1, 4, 7 and 14)) were administered in-
tradermal (I.D.) injection at the subcutis on the neck region left and
right side (250 pl per side) with sterile phosphate-buffered saline (PBS),
500 pg PCEP, or 20% Emulsigen and an additional group without any
injection as naive. The body temperature, and clinical observations &
score for local reactions in all groups at both injections sites were taken
through out the study period. The local reaction scores were from 0 to 3
with 0 = normal, 1 = minor, 2 = moderate & 3 = severe. Aditionally,
markings of injection site were reapplied every day so that they can be
visible at all time point. An 8 mm skin punch plug biopsy and the
corresponding draining lymph nodes were collected from five animals
per group at 1, 4, 7, and 14 days post injection. Biopsies were treated
with 10% formalin for histopathology or incubated with RPMI sup-
plemented with 5% FBS for tissue homogenisation and subsequent cy-
tometric bead assay. Fifty microliters of peripheral blood was collected
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into serum separation tubes (SST) for cytokines cytometric bead assay
at each time point in the serum.

2.2. Adjuvants preparation

PCEP was synthesized by the Idaho National Laboratory (Idaho
Falls, ID, USA) using methods previously described in (Andrianov et al.,
2004; Mutwiri et al., 2007) and its endotoxin level was determined to
be less than 0.034 ng/ml as assessed by the Limulus Amebocyte Lysate
assay (Biowhittaker, Walkersville, MD, USA). PCEP and Emulsigen an
“oil-in-water” formulation (MVP Laboratories, OM, USA) were dis-
solved in endotoxin-free, sterile PBS, pH 7.4 (Life Technologies,
Carlsbad, CA, USA) prior to injection.

2.3. Histopathology preparation

Skin punch biopsy and the draining lymph nodes tissues were pre-
pared for histopathological evaluations as follows: Tissues were fixed
with 10% formalin, then incubated for 24h in 70% ethanol, 100%
ethanol and finally 100% xylol. Tissues were then embedded in paraffin
block for easier sectioning in the microtome and sliced to 3-5um
thickness. Slides were stained using standard Haematoxylin-eosin
method following the standard operating procedures. Histopathological
changes of the skin that were evaluated included granuloma formation,
lymphocytes infiltration, epithelial necrosis, and suppurative in-
flammation. Histopathological changes in the draining lymph nodes
included granuloma formation and suppurative inflammation. Scoring
was performed by a pathologist blinded to the treatment and the
scoring was as follows: A) No pathological changes = 0, B) Patchy
pathological changes = 1, C) Moderate pathological changes = 2, D)
Severe pathological changes = 3 as described previously by (Magiri
et al., 2018a; Mikalsen et al., 2012).

2.4. Cytometric bead assay

Cytokine concentrations were assayed in sera as well as from tissue
homogenates from the injection site and the draining lymph nodes. Skin
punch biopsy and draining lymph nodes were homogenized in 1 ml PBS
with protease inhibitor cocktail tablet (Roche Diagnostics GmbH,
Mannheim, Germany) with 2.3 mm Zirconia silica microbeads (Biospec
Products Inc., Bartlesville, OK, USA) in a mini-beadbeater” (Biospec
Products, Inc.) via six 10 s pulses interspersed with cooling at 4 °C. The
homogenates were centrifuged at 20,000 x g for 10 min at 4 °C, and
supernatants stored at —20 °C before analysis. Cytokine levels were
measured by cytometric bead assay (BioRad) according to the manu-
facturer’s recommendations.

Bioplex cytokine assays: Bioplex bead coupling was performed as
per the manufacturer’s instructions. The reagents used are described in
Table 1. BioPlex cytokine assays antibodies against porcine IFN-a, IFN-
y, IL-1-B, IL-6, IL-8, IL-10, IL-12, IL-13, and IL-17 A were coupled to
BioRad multiplex assay microsphere beads using the BioRad BioPlex
following manufacturer’s instructions. Sera and tissue homogenates
were tested for IFN-a, IFN-y, IL-1-B, IL-6, IL-8, IL-10, IL-12, IL-13, and
IL-17 A secretion. The multiplexassay was carried out in a 96 well
Grener Bio-One Fluotrac 200 96Fblack (VWR, #82050-754), which
allows washing and retention of the Luminex beads. The bead sets
conjugated with all the cytokine to be analyzed were vortexed for 30 s
followed by sonication for another 30 s to ensure total bead dispersal.
The bead density was adjusted to 1200 beads per pl in PBSA (1x
PBS + 1% BSA (Sigma-Aldrich) + 0.05% sodium azide (Sigma-Al-
drich), pH 7.4) and 1l of each bead set was added to 49l of the
PBSA + 1% New Zealand Pig Serum (Sigma-Aldrich P3484) +0.05%
sodium azide (Sigma-Aldrich) which was then added to each well.
Plates ware washed using the Bio-Plex Pro II Wash Station (Bio-Rad) to
allow soaking for 20s then washing with 100 ul PBSA. The porcine
cytokine protein standards were added to the wells at 50 pl per well at a
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Table 1

List of antibodies, bead, detection (secondary antibodies) and suppliers.
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Cytokine standards

Standard concentration range

Cytokine Supplier/ Catalog number (pg/ml)
rPorc IFN alpha Genentech 200-1 pg/mL
rPorc IFN gamma CG 2000-8 pg/mL

rPorc IL-1p

rPorc IL-6

rPorc IL-8

rPorc IL-10

rPorc IL-12

rPorc IL-13

rPorc IL-17A

Coating antibodies to Coupled beads
Cytokine

MAD anti IFN alpha

MAD anti porc IFN gamma

MAbD anti porc IL-1b/IF2

Goat anti porcine IL-6

MAD anti sheep IL8 (86.9% homology)
MAD anti swine IL10

Porc IL-12

Goat anti swine IL-13

Rabbit anti porcine IL-17A

Detection antibodies (all biotinylated)
Cytokine

MAD anti pig IFN alpha (biotin in house)
Rabbit anti porc IFN gamma (biotin in house)
Goat anti porc IL-1b/IF2 biotin

Goat anti porcine IL-6 biotin

MAD anti porc CXCL8/IL8 (biotin in house)
MAD anti swine IL10 biotin

MAD anti porc IL12/IL23 p40 biotin
Goat anti swine IL-13 biotin

Rabbit anti porcine IL-17 A biotin

R&D 681PI010 (10 pug)

R&D 686P1025 (25 ug)
Kingfisher RP0109S-005 (5 ug)
Invitrogen PSC0104 (10 ug)
R&D 912PL025 (25 ug)
Kingfisher RP0007S-005 (5 ug)
Kingfisher RP0128S-005 (5 ug)

Catalog number
GeneTex GTX11408
Fisher PIMP700

R&D MAB6811

R&D AF686

AbD Serotec MCA1660
Invitrogen ASC0104
MAD anti porc IL12
Kingfisher PB0094S-100
Kingfisher KP0498S-100

Catalog number

R&D 27105-1

Fisher PIPP700

R&D BAF681 (50 pg)
R&D BAF686 (50 ug)
R&D MAB5351 (500 pg)
Invitrogen ASC9109

R&D BAM9122
Kingfisher PBB0096S-050
Kingfisher KPB0499S-050

5000-20 pg/mL
5000-20 pg/mL
200-1 pg/mL
5000-20 pg/mL
5000-20 pg/mL
5000-20 pg/mL
2000-8 pg/mL

Bead region (all from BioRad)
45 (BioRad MC10045-01)
43 (BioRad MC10043-01)
26 (BioRad MC10026-01)
65 (BioRad MC10065-01)
27 (BioRad MC10027-01)
28 (BioRad MC10028-01)
36 (BioRad MC10036-01)
52 (BioRad MC10052-01)
62 (BioRad MC10062-01)

Desired starting conc (ug/ml)
1/5000

1/400

0.5 ug/mL

0.5 ug/mL

1/500

0.5 ug/mL for cell sups, 1 ug/mL for sera

0.5 ug/mL
0.5 ug/mL
0.5 ug/mL

final concentration as described in Table 1 below and the serum (pre-
diluted 1:4) and tissue homogenate (injection sites and draining lymph
nodes; prediluted 1:2) were added to the wells at 50 ul per well. After
sealing the plates with plate sealer (Thermo Fisher Scientific,
#232,702), the plates were agitated at 800 rpm for 1 h at room tem-
perature. After 1 h incubation with serum, the plates were washed using
the Bio-Plex Pro II Wash Station (Bio-Rad; soak 30 s, wash with 150 pl
PBS plus 1% Tween-20). A 50 pl volume of biotin cocktail consisting of
biotinylated porcine antibodies (as described in Table 1) was added to
each well. The plates were again sealed, covered and agitated at
800 rpm for 30 min at room temperature then washed again as de-
scribed above. A 50 pl of Streptavidin RPE (Cedarlane PJRS20; diluted
to 5 ug/ml) was added to each well. The plate was again sealed, covered
and agitated at 800 rpm for 30 min at room temperature and washed as
indicated above. A 100 pl of 1xTris-EDTA (TE buffer-10 mM Tris, bring
to pH 8.0 with HCI and 1 mM EDTA) was added to each well and then
the plate was vortexed for 5min before reading on the Luminex100
XxMAP™ instrument following the manufacturer's instructions). The
fluorescence on the beads was read on a BioRad BioPlex 200 reader
(60 pl volume, 50 beads per region).

2.5. Data analysis

Statistical analyses were performed using Graph-Pad Prism 7 soft-
ware (GraphPad Software, San Diego, CA, USA). Differences between
groups were identified using a non-parametric Kruskal-Wallis test
where Dunn’s multiple comparisons test was used post-hoc to identify
statistically significant differences between the two adjuvants and PBS
control relative to each time point. Differences were considered statis-
tically significant at p < 0.05, p < 0.01, p < 0.001 which are stated
in the text.

3. Results

3.1. Histopathological changes of the skin and draining lymph nodes after
I.D. Injection with PCEP and Emulsigen

Pigs were injected I.D. with PBS, PCEP or Emulsigen. Body tem-
perature was taken and injection sites were examined for gross changes.
In all the animals, body temperatures remained normal throughout the
study period suggesting that the adjuvants did not induce a systemic
response (data not shown). The local inflammatory reaction did not
induce gross ulceration at the site of injection as observed macro-
scopically (data not shown).

Sites of injection and draining lymph nodes were excised and
evaluated for evidence of an inflammatory response and cytokine pro-
duction. We evaluated changes in histopathology including granuloma
formation (microscopic aggregation of macrophages transformed into
epithelium-like cells surrounded by a collar of mononuclear leucocytes,
principally lymphocytes, and plasma cells), lymphocytes infiltration
(infiltration of tissue by T and B lymphocytes), epithelial necrosis
(death of cells and living tissues), and suppurative inflammation (forms
as a result of the action of polymorphonuclear leucocytes e.g. neu-
trophils) (Fig. 1). Representative photomicrographs show a typical
cellular infiltrate observed in the skin at the site of injection (Fig. 1 left)
and the draining lymph nodes (Fig. 1 right) on day 14 post-injection.
The top panel shows normal skin (Fig. 1A) or draining lymph nodes
(Fig. 1B) after injection with PBS at 200x magnification. In the skin
PCEP (Fig. 1C) induced multifocal to coalescing inflammation and a
mixture of macrophages (blue arrow), lymphocytes (yellow arrow) and
some neutrophils (red arrow) with much necrotic debris in the in-
flammation. In the draining lymph nodes, PCEP (Fig. 1D) induced
multifocal infiltration of macrophages, with multinucleated giant cells
(blue arrow) and sparse neutrophils (red arrow). In the skin, Emulsigen
(Fig. 1E) induced diffuse infiltration of inflammatory cells, composed of
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Skin

PBS

PCEP

Emulsigen

macrophages and lymphocytes and small granuloma. In the draining
lymph nodes, Emulsigen (Fig. 1F) induced coalescing areas of granu-
lomatous inflammation and inflammation is composed of mostly mac-
rophages.

At the site of injection, adjuvants induced significant granuloma
formation, lymphocytes infiltration, suppurative inflammation and ne-
crosis compared to the skin of pigs injected with PBS as a control.
Interestingly, no granulomas were observed until after 14 days with
pigs injected with Emulsigen (p < 0.05) and PCEP (p < 0.01)
showing significant granuloma formation at the injection site relative to
time-matched PBS control animals (Fig. 2A). Further, pigs injected with
PCEP showed significant lymphocytic infiltration 4 (p < 0.05) and 14
days (p < 0.01) post administration relative to the PBS control pigs
(Fig. 2B). Pigs injected with Emulsigen showed significant lymphocytic
infiltration 14 days (p < 0.05) post administration (Fig. 2B). PCEP and
Emulsigen induced significant tissue necrosis 1, 4 and 7 days post ad-
ministration (p < 0.01, p < 0.01, p < 0.01 for PCEP); p < 0.05,
p < 0.05,p < 0.01 for Emulsigen, respectively) at the site of injection
relative to time-matched PBS controls (Fig. 2C). However, signs of ne-
crosis were resolved by 14 days suggesting a rapid resolution of the
tissue reaction. PCEP induced significant suppurative inflammation
with predominant eosinophil and neutrophil infiltration for 1

Draining Lymph Node

10
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Fig. 1. Representative images of the cellular
infiltrate at the injection site of pig skin and
draining lymph nodes after PCEP or Emulsigen
intradermal injection. Representative skin his-
tology images (200x magnification) are shown
after injection with PBS (A), PCEP (C) and
Emulsigen (E). PCEP (B) induced multifocal to
coalescing inflammation and a mixture of
macrophages (blue arrow), lymphocytes
(yellow arrow) and some neutrophils (red
arrow) with many necrotic debris in the in-
flammation. Emulsigen (E) induced diffuse in-
filtration of inflammatory cells, composed of
macrophages, lymphocytes and small granu-
loma. Representative histology images of the
draining lymph nodes (200x magnification) are
shown after injection with PBS (B), PCEP (D)
and Emulsigen (F). PCEP (D) induced multi-
focal infiltration of macrophages, with multi-
nucleated giant cells (blue arrow) and sparse
neutrophils (red arrow) while Emulsigen (F)
induced coalescing areas of granulomatous in-
flammation and inflammation is composed of
mostly macrophages. For each site, 5 biological
replicates were assessed per group per time
point (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article).

(p < 0.01),4 (p < 0.05),7 (p < 0.01) and 14 (p < 0.01) days post
injection relative to the PBS controls (Fig. 2D). Emulsigen induced
significant suppurative inflammation on days 1 (p < 0.05), 4
(p < 0.01) and 7 (p < 0.05) post-injection (Fig. 2D).

In the draining lymph nodes, Emulsigen induced significant gran-
uloma formation at day 4 (p < 0.05) and day 14 (p < 0.05) and PCEP
induced significant granuloma formation at 7 days (p < 0.05) post
injection relative to the PBS control animals (Fig. 2E). Finally, PCEP
induced significant suppurative inflammation in the draining lymph
nodes 1 day post-injection relative to lymph nodes from PBS control
animals (p < 0.05) but the response was not significantly different
from controls at other time points suggesting a rapid resolution of the
inflammation (Fig. 2F). PCEP and Emulsigen induced histopathological
changes in skin and draining lymph nodes relative to pigs with PBS as a
control. Collectively, these data show the ability of adjuvants to pro-
mote local inflammation, which may be important for the initiation of
the innate and acquired immune response.

3.2. Cytokine profile in the pig skin, draining lymph nodes and peripheral
blood after I1.D. Injection with PCEP and Emulsigen

Punch biopsies were obtained from the site of intradermal injection
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Fig. 2. The histopathological changes of in the skin and draining lymph nodes in response to intradermal injection of PCEP or Emulsigen. The site of injection at the
skin and the draining lymph nodes were collected from the draining lymph nodes at 1, 4, 7, and 14 days post injection. The lines indicate the median value of five
replicates at each time point. All tissues are compared to time-matched skin or lymph nodes tissues from PBS-injected control animals. Histopathological changes in
the skin included assessment of granuloma formation, lymphocyte recruitment, necrosis, and signs of inflammation whereas histopathology of draining lymph nodes
included assessment of granuloma formation and suppurative inflammation. Scoring was performed by pathologist blinded to sample identification on 5 biological

replicates per site per group.

was collected after 1, 4, 7 and 14 days in pigs inoculated with PBS,
PCEP and Emulsigen. Cytometric bead cytokine analysis was performed
on homogenates of the biopsies. Emulsigen triggered significantly in-
creased production of IL-6 (p < 0.05; Fig. 3D) and IL1f (p < 0.05;
Fig. 3C) after 4 days and of IL-12 (p < 0.05; Fig. 3G) after 7 days. PCEP
triggered increased local production of IL13 (p < 0.01; Fig. 3C) and IL-
13 (p < 0.01; Fig. 3H) after 4 days relative to the control skin tissue.
These data indicate that despite the evidence of microscopic

11

histopathological evidence at the site of injection in response to PCEP
and Emulsigen, only acute inflammatory cytokines IL-6 (Emulsigen
only) and IL1f (PCEP and Emulsigen) were transiently induced at the
site of injection in pigs 4 days post-injection. Neither of the adjuvants
triggered local production of IFN-a (Fig. 3A), IFN-y (Fig. 3B), IL-8
(Fig. 3E), IL-10 (Fig. 3F) or IL-17 A (Fig. 3I) relative to the biopsies from
the PBS injection sites.

When cytokine analysis was assessed at the draining lymph nodes,
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Fig. 3. Cytokine responses in the skin at the injection site. The injection site were collected from one of the sites at 1, 4, 7, and 14 days post injection incubated with
RPMI supplemented with 5% FBS for tissue homogenisation in PBS and cytometric bead assay using BioPlex analysis. Results shown are the mean + SD five

biological replicates at each time point compared to PBS.

PCEP induced secretion of interleukin IL-13 (p < 0.01; Fig. 4A) and IL-
6 (p < 0.01; Fig. 4B) on day 1 post-injection but this elevation of these
returned to baseline levels by day 4 post-injection (Fig. 4). Further,
Emulsigen did not induce secretion of IFN-a, IFN-y (data not shown),
IL-8 (Fig. 4C), IL-10 (Fig. 4D), IL-12 (Fig. 4E), IL-13 (Fig. 4F) or IL-17 A
(Fig. 4G) at the draining lymph nodes over time.

Finally, serum cytokine profiles were assessed over time in pigs I.D.
injected with PCEP, Emulsigen and PBS. None of the immunostimulants
resulted in elevated production of serum IFN-a, IL-8, IFN-y, IL-17 A, IL-
6, IL1p3, IL-10, IL-12 or IL-13 (Data not shown) indicating that the ef-
fects of the PCEP and Emulsigen as immunostimulants were observed
locally but not systemically.

4. Discussion

Vaccination continues to be a very important public health tool in
the control of infectious diseases in the world. The main goal of vac-
cination is to stimulate potent immunological responses which pro-
motes protection against specific pathogens (Kaech et al., 2002). It has
been reported that immunostimulatory adjuvants can direct innate and
adaptive immune responses by promoting DC maturation and the
concomitant release of pro-inflammatory cytokines (Liang and Loré,
2016; Mizumoto et al., 2005). Together, these effects significantly im-
pact the overall efficacy of vaccines when immunostimulatory ad-
juvants are included (Coler et al., 2011). Our study attempts to eluci-
date the impact that immunostimulants PCEP and Emulsigen have at
sites of injection and draining lymph nodes in pigs over a two-week
period when compare to PBS. However, injection of PBS intradermal
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Fig. 4. Cytokine responses in lymph nodes draining the injection site. The lymph nodes were collected from one of the sites at 1, 4, 7, and 14 days post injection
incubated with RPMI supplemented with 5% FBS for tissue homogenisation in PBS and cytometric bead assay using BioPlex analysis. Results shown are the

+

mean * SD five biological replicates at each time point compared to PBS.

and/or the volume injected may be irritating to the skin causing some
local tissue response that might mask the immune responses to our
injected adjuvants. The impact on the innate immune and inflammatory
response is instructive of how the adjuvants will influence the immune

response when used as part of a vaccine.

We selected the I.D. route of administration for our analysis because
it is a common route for administration of vaccines in livestock (Zhang
et al.,, 2017) and recently, we showed that I.D. administration of a

13
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H1N1 vaccine which included PCEP as adjuvant gave a superior im-
mune responses compared to pigs immunized with the same vaccine but
administered via the intramuscular route (Magiri et al., 2018a). Skin-
associated lymphoid tissue consists mainly of Langerhans cells and
dermal antigen-presenting cells which circulate between the skin and
the lymph nodes (DeBenedictis et al., 2001; Ray and Gately, 1996). As
detailed in Bertho et al., 2011, skin dendritic cells at a semi-mature
stage in pigs spontaneously migrate in lymph without microbial sti-
mulation. These cells can be further activated upon microbial exposure
or PAMP stimulation such as inactivated influenza antigen and LPS,
respectively(Bertho et al., 2011). Some reports suggest that I.D. vac-
cines induce superior protective immune responses and required less
antigen relative to vaccines administered .M. or subcutaneously
(Herbert et al., 1989; Itzchak et al., 1992; Magiri et al., 2018a). Overall,
our results showed that PCEP and Emulsigen induced a strong in-
flammatory response at the site of injection and the draining lymph
node, suggesting that inflammation may be critically important for the
initiation of the innate immunity and the promotion of acquired im-
munity.

We investigated histopathological changes such as granuloma for-
mation with the presence of macrophages, lymphocytes infiltration
with T and B cells, epithelial necrosis, and suppurative inflammation
(characterized predominantly as neutrophils and eosinophils).
Interestingly, no (gross) macroscopic changes were observed for either
adjuvant but PCEP induced significant macrophages infiltration, lym-
phocyte infiltration, leucocyte infiltration and necrotic debris at the site
of injection and the draining lymph nodes whereas Emulsigen induced
diffuse infiltration of leucocytes, macrophages, and lymphocytes at
both sites. PCEP-induced signs of necrosis were resolved after 14 days
post-injection of the immunostimulants. These results are consistent
with results from other authors who have described adjuvants induce a
local microscopic inflammatory reaction at an injection site (Calabro
et al., 2011; Schijns, 2000) without gross macroscopic ulcerations (das
Dores Moreira et al., 2009). Early stages of inflammation can occur
through the activation of pattern-recognition receptors on many cells
including lymphocytes, granulocytes, and endothelial cells (Faure et al.,
2001; Muzio et al., 2000). Inflammatory responses induced by tissue
necrosis at the site of injection by adjuvants was advanced by
(Matzinger, 1994) in his “danger signal” hypothesis. Danger signals
from damaged cells can trigger activation of the immune system
through activation of inflammasome leading to release of pro-in-
flammatory cytokine such as IL-1f (Kool, Pétrilli et al. 2008).. Mole-
cules associated with tissue damage such as uric acid, nucleotides,
adenosine triphosphate (ATP), reactive oxygen intermediates, and cy-
tokines are released at the injection site due to tissue damage (Shi et al.,
2003). These non-infectious damage signals have now been named
damage-associated molecular patterns (DAMPs) to distinguish them
from pathogen-associated molecular patterns (PAMPs). Particulate ad-
juvants cause local tissue damage and cell death at the injection site and
release of DAMPs thereby activating inflammasome (Kool et al., 2008).
In addition, many adjuvants induce the release of pro-inflammatory
cytokines at the site of injection including PCEP (Awate et al., 2012;
Calabro et al., 2011; Didierlaurent et al., 2009). These damage signals
trigger non-specific activation of the innate immune system, subse-
quently stimulating adaptive immunity. Recently inflammasomes have
been one of the most widely investigated topics due to their potential
role in adjuvant activity.

The role of neutrophils in adjuvant activity is not completely un-
derstood but increased neutrophils at the site of injection may attract
other immune cells due to chemokine release ultimately resulting in
increased antigen transport to the draining lymph nodes (Calabro et al.,
2011; Morel et al., 2011).

In agreement with the current findings, PCEP injection was shown
to lead to robust local infiltration by T and B lymphocyte in mice
(Awate et al., 2014). Studies in mice have shown that PCEP is a potent
inducer of cell recruitment at the injection site with lymphocytes,
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neutrophils and macrophages being the most abundant cells, followed
by monocytes and DCs in mice (Awate et al., 2014b).

Although the adjuvants PCEP and Emulsigen are able to influence
the immune response, their mechanism of action that can differentiate
the intensity or duration of the required immune response may not be
conserved. Thus, we also evaluated the cytokine profile to clarify how
early events relate to precise immune response to adjuvants. Many
adjuvants induce the release of pro-inflammatory cytokines at the site
of injection in mice (Awate et al.,, 2012; Calabro et al., 2011;
Didierlaurent et al., 2009). Other studies have shown the ability of oil-
in-water emulsion ASO3 to co-localize with antigen to trigger colony-
stimulating factor 3 (CSF3) and IL-6, and leukocyte- recruiting che-
mokines CCL2, CCL3, and CCL5 at the site of injection (Morel et al.,
2011) and draining lymph nodes (Morel et al., 2011). Studies in mice
and pigs showed that PCEP induced strong expression of adjuvant core
response genes coding for multiple cytokines and chemokines and im-
munomodulatory proteins (Awate et al., 2012; Magiri et al., 2016). In
the current study, we observed that PCEP and Emulsigen induced se-
cretion of proinflammatory cytokines acute inflammatory cytokines IL-
1 and IL-6 (Emulsigen only). IL-6 is a proinflammatory cytokine that is
involved in the initiation of an immune response and it also promotes
the differentiation of B cells (Helle et al., 1988a, b; Hilbert et al., 1989;
Houssiau et al., 1988). IL1p cytokine is an important mediator of the
inflammatory response and is involved in a variety of cellular activities,
including cell proliferation and differentiation, and apoptosis. IL1f3
cytokine is proteolytically processed to its active form by caspase 1
activating multiprotein inflammasomes which assemble in the cyto-
plasm of cells. Activated caspase-1 cleaves the pro-forms of the inter-
leukin-1 cytokine family members leading to their activation and se-
cretion of the active form of IL1B (Bennouna et al., 2003; Brereton
et al., 2011; Gris et al., 2010; Latz, 2010). Intramuscular injection of
PCEP induces NLRP3, an inflammasome receptor gene, and in-
flammatory cytokines, including IL-13 and IL-18, in mouse muscle
tissue (Awate et al., 2012). Caspase-1 is required for the processing of
pro-forms of IL-13 and IL-18 into their mature forms and is a critical
constituent of the NLRP3 inflammasome (Sagulenko et al., 2013). in
vitro stimulation of enriched splenic DCs with PCEP led to the secretion
of pro-inflammatory cytokines IL-1B and IL-18 in a caspase-1-depen-
dent manner (Awate et al., 2014a). PCEP and Emulsigen-induced in-
flammasome activation may play an important role in activating innate
immunity thus contributing to adjuvant activity in pigs. Results from in
vitro experiments with murine cells indicate that PCEP stimulated the
significant production of the innate immune response cytokines IL-12
and IFN-y (Garlapati et al., 2011; Mutwiri et al., 2008). Activated DCs
produce cytokines such as IL-12 which stimulates the development of T
helper cells that produce IFN-y and promote cell-mediated immunity
(Th1 cells). These results in mice are in contrast to our findings in pigs
wherein we observed transient induction of IL-6 and IL-1f at draining
lymph nodes. At the skin, PCEP induced transient expression of IL-1 as
well as IL-13 a mediator of allergic inflammation and its secreted by
many cells including T helper type 2 (Th2) cells (Cocks et al., 1993;
Wynn, 2003).

Overall, our data suggest that PCEP and Emulsigen induced cell
recruitment which culminated in adjuvant-specific cytokine profiles.
These changes may be important in establishing and integrating the
immune-competent environment favorable for antigen processing,
presentation, and subsequent stimulation of antigen-specific immune
responses. However, further studies are still needed to evaluate and
identify which cell types are essential to induce the appropriate re-
sponse for any given pathogen by characterising T and B cells. The
mechanism of action of vaccine adjuvants must be fully elucidated in
vivo to make clear how different cell types cooperate in establishing an
integrated immunocompetent environment (Mosca et al., 2008). This
information will be critical for the design of new effective vaccines.

Even so, our data suggest that activation of innate immune re-
sponses may be important in the induction of antigen specific immune
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response after an immunization. As with Emulsigen, PCEP induced
acute but not chronic inflammatory responses at the injection site and
the draining lymph nodes when injected into pigs indicating that this
adjuvant may be regarded as safe for use in pigs. We speculate that
induction of innate immune responses at the site of injection may be an
important mechanism through which adjuvant PCEP exert its adjuvant
activity.
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