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Host defense peptides (HDPs) show both antimicrobial and immunomodulatory
properties making them important mediators of the host immune system. In humans
but also in pigs many HDPs have been identified and important families such as
cathelicidins and defensins have been established. In our study, we assessed: (i)
the potential interactions that could occur between three peptides (LL37, PR39, and
synthetic innate defense regulator (IDR)-1002) and a common TLR ligand called poly(l:C);
(i) the impact of selected peptides on the response of alveolar macrophage (AM) to
poly(l:C) stimulation; (i) the anti-porcine respiratory and reproductive syndrome virus
(PRRSV) properties of the peptides; and (iv) their adjuvant potential in a PRRSV challenge
experiment after immunization with different vaccine formulations. The results are as
following: LL37, PR39, and IDR-1002 were able to interact with poly(l:C) using an agarose
gel migration assay. Then, an alteration of AM’s response to poly(l:C) stimulation was
observed when the cells were co-stimulated with LL37 and IDR-1002. Regarding the
anti-PRRSV potential of the peptides only LL37 showed a PRRSV inhibition in infected
AM as well as precision cut lung slices (PCLS). However, in our conditions and despite
their immunomodulatory properties, neither LL37 nor IDR-1002 showed any convincing
potential as an adjuvant when associated to killed PRRSV in a challenge experiment. In
conclusion, both antiviral and immunomodulatory properties could be identified for LL37,
only immunomodulatory properties for IDR-1002, and both peptides failed to improve
the immune response consecutive to an immunization with a killed vaccine in a PPRSV
challenge experiment. However, further studies are needed to fully decipher and explain
differences between peptide properties.
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INTRODUCTION

Host defense peptides (HDPs) are important effector
molecules of the immune system with both antimicrobial
and immunomodulatory properties (1-5). Two main families,
cathelicidins and defensins, have been described in many species
thus far. LL37 and the proline-arginine-rich peptide PR39 are
both members of the cathelicidin family with LL37 representing
the C-terminal part of the human cationic antimicrobial protein
(hCAP) 18 and PR39 being a full-length porcine cathelicidin
(2, 4). These two HDPs are expressed by the intestinal and
the respiratory mucosa and are produced by epithelial cells,
macrophages, and neutrophils (2, 4, 6). Both defensins and
cathelicidins have high potential as stand-alone treatments or as
vaccine adjuvants (1, 3, 7-9). For instance, LL37 has been clearly
described in humans as a regulator of chemokine expression,
apoptosis, and responses to a common toll-like receptor (TLR)
ligand such as poly(I:C) (9-11). Furthermore, LL37 has been
described as antiviral peptides that either interact directly with
the viral membrane or stimulate the antiviral immune response
against various viruses including adenovirus (12), dengue virus
(13), influenza A virus (IAV) (14), herpes simplex virus (HSV)
(15), human immunodeficiency virus-1 (HIV-1) (16), respiratory
syncytial virus (RSV) (17, 18), and vaccinia virus (19, 20) [for
a review see (21)]. Similarly to LL37 in humans, PR39 has
been identified as an important effector molecule of the innate
immune response in the pig model (4), which has been described
as a valuable animal model in vaccine development and testing
(22). Like LL37, this HDP is involved in the antimicrobial
response, has immunomodulatory properties, and several other
biological functions (2, 6, 23).

Because of this wide range of properties, HDPs have been
extensively studied and their synthetic innate defense regulator
(IDR) peptide analogs have been generated with some of
them currently under evaluation for their prophylactic and
therapeutic potential (1-3, 24). IDR-1 is a synthetic peptide
lacking direct antimicrobial activity but still providing broad-
spectrum protection against systemic infections involving for
instance multidrug-resistant bacteria. The synthetic peptide
IDR-1002(VQRWLIVWRIRK-NH,), selected from a library of
bactenecin derivatives with a higher potency compared with
IDR-1 in inducing chemokines in vitro, was previously fully
characterized (25). IDR-1002 with IDR-1 and also IDR-1018 are
well-known examples of IDRs (24). These synthetic peptides
have all an exceptional capacity to stimulate cell recruitment
and suppress strong inflammatory responses. Because of these
properties IDR-1002 has been further tested and been shown
highly effective as an adjuvant when co-formulated with
TLR ligands such as poly(I:C), CpG oligodeoxynucleotides, or
polyphosphazene (24-26). As the formulations of many new
vaccines involve the combination of various adjuvants acting
through more than one pathway and stimulating both innate
and adaptive immune responses (27, 28), it became crucial to
ensure that the components can act synergistically instead of
neutralizing each other’s activity. In previous studies, conflicting
results suggest that HDP can either neutralize TLR ligand
agonists (11, 29) or enhance TLR signaling (27, 30, 31).

The porcine respiratory and reproductive syndrome (PRRS) is
a major porcine infectious disease worldwide caused by a virus
named PRRSV which is a member of the Arteriviridae family
mostly targeting alveolar macrophages (32). To overcome the
infection, the porcine host relies mostly on the adaptive immune
response through neutralizing antibodies (NAbs) which appear
only late, typically >28 days post-infection (32) and the cellular
response, even if it seems to be strain dependent to some extent
(33). Thus, usual correlates of protection are the level of serum
NAbs measured by seroneutralization assay as well as the number
of IFNy-producing cells measured by ELISPOT (32, 34). To
protect against this disease several vaccines have been developed
in many countries. However, they have not offered the expected
protection thus far and have several limitations including poor
protection conferred against heterologous strains of the virus
(32). Thus, there is a strong interest in developing new vaccine
candidates formulated with optimized adjuvant combinations.
Regarding HDPs in the context of PRRSV infection, the literature
is quite limited and, to our knowledge, antiviral activity against
PRRSV has only been shown for a few HDPs such as protegrin 1
(PG-1), PG-4 and porcine B-defensin 3 (pBD-3) (35, 36).

In that context, the aim of the current study was to briefly
assess in vitro the immunomodulatory and antiviral properties of
the selected peptides (LL37 as a general control showing antiviral
properties, PR39 as the full-length porcine cathelicidin, and IDR-
1002 as a promising synthetic analog of HDPs) and the adjuvant
potential of two most promising peptides in a PRRSV challenge
after immunization with different vaccine formulations.

MATERIALS AND METHODS

Virus, Reagents, and Pigs
The virulent PRRSV-2 strain ISU-12-SAH was obtained from
ATCC (ATCC VR-2385, Hanassas, VA, USA) and used to carry
out the infections. The virus was grown on porcine alveolar
macrophages (AM) and the supernatant was stocked at —80°C
until use. The virus titer was 10° TCIDso/mL. Infections were
performed at a multiplicity of infection (MOI) of 0.1 for the
AMs and with 10° TCIDso/mL for the precision cut lung slices
(PCLS) during 1h. Then, two washes with phosphate buffered
saline (PBS) were carried out. Host defense peptides (HDP) and
IDR-1002 were used at a working concentration of 20 pg/mL.
Human LL37 was purchased from QCB (Hopkinton, MA, USA),
synthetic peptide IDR-1002 was obtained from Dr. Robert
Hancock (University of British Columbia, Canada), porcine PR39
was synthetized in house by Dr. Sam Attah-Poku, and poly(I:C)
was purchased from Sigma-Aldrich (reference P1530) (St-Louis,
MO, USA) and used at 10pg/mL. All these peptides were
regularly tested for the absence of endotoxin contaminations
using the LAL Chromogenic Endotoxin Quantitation Kit
(Thermo Fisher Scientific, Waltham, MA) per the manufacturer’s
instruction. For experiments, peptides and virus were mixed 1 h
prior to infection of the cells or the tissues. Regarding mock
condition, virus was mixed with PBS.

Weaned Dutch Landrace pigs were purchased from Prairie
Swine Centre, University of Saskatchewan. The experimental
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protocol involving the pigs was reviewed and approved by
the University of Saskatchewan Animal Care Committee
(AUP20030002), which follows the guidelines of the Canadian
Council on Animal Care. A total of 44 piglets (5 groups of 8 pigs
and 4 pigs to collect tissues and cells) were used in the study.
Once the total number of animals and animals per group had
been decided a randomization table was generated in an Excel
spreadsheet or on-line randomization programs. Numbers were
assigned to groups randomly.

Porcine Alveolar Macrophage Isolation and
Culturing

Broncho-alveolar lavages were performed with PBS
supplemented with 100 U/mL penicillin and 100 pg/mL
gentamycin  (GIBCO-BRL, Burlington, ON, Canada).
Centrifuged at 300 g and washed two times with PBS, AMs were
then cultured in Dulbecco Modified Eagle Medium (DMEM,
GIBCO-BRL), supplemented with 100 U/mL penicillin,
100 pg/mL gentamycin and 2% fetal bovine serum (FBS)
(GIBCO-BRL). Cell purity was examined by flow cytometry
with a staining for CD163 (RPE coupled antibody, AbD Serotec,
Raleigh, USA) and SLA class II (FITC coupled antibody, AbD
Serotec). The double positive population had up to 90% purity.
Cells were incubated overnight and then washed before infection
or stimulation.

Precision-Cut Lung Slices (PCLS)

PCLS were prepared from lungs of 4 eight-week-old pigs.
Immediately after euthanasia, lungs were carefully removed
and the left cranial, middle, and caudal lobes were filled
with 37°C warm low-gelling temperature agarose (Sigma-
Aldrich) followed by polymerization on ice. Agarose was
dissolved in Roswell Park Memorial Institute (RPMI) 1640
medium (GIBCO-BRL) (1.5% agarose) for lung instillation.
Tissue was excised in cylindrical portions (8-mm tissue coring
tool) and around 200 slices/pig approximately 250 pm thick
were prepared by using a Krumdieck tissue slicer (model
MD6000, TSE systems, Chesterfield, MO, USA) with a cycle
speed of 60 slices/minute (min). PCLS were incubated in
1 mL of RPMI 1640 medium (GIBCO-BRL), supplemented with
1% antibiotic/antimycotic (Anti-Anti 100x, GIBCO“>-BRL),
clotrimazole 1 pg/mL (Sigma-Aldrich), enrofloxacin 10 pg/mL
(Bayer Inc., Toronto, ON), and kanamycin 80 pg/mL (GIBCO-
BRL) in a 24-well plate at 37°C and 5% CO;. The medium was
changed every hour the first four h and once after 24 h, prior
to infection. Viability was checked by observing ciliary activity
under a light microscope (Olympus CKX31, Tokyo, Japan). In
selected samples, slices were analyzed for bronchoconstriction
by addition of 10™* M methacholine (acetyl-8-methylcholine
chloride, Sigma-Aldrich), as previously described (37).

Peptides-Poly(l:C) Complex Formation Test
Interaction of the selected peptides with poly(I:C) was assessed
by gel migration delay. Different concentrations of HDP and
poly(I:C) were mixed and incubated 30 min at 37°C. Controls
and mixed samples were run on a 1% agarose gel and poly(I:C)
was detected using ethidium bromide (Sigma-Aldrich). Gels

were analyzed using UV light on a Bio-Rad gel imaging detector
(ChemiDoc system, Mississauga, ON, Canada).

Porcine Alveolar Macrophage Stimulation

Analysis

Macrophages were stimulated with poly(I:C) at 10pug/mL
with or without the selected peptides. Cells and supernatants
were harvested at 6h (cell pellets—Reverse Transcription-
quantitative PCR, RT-qPCR) or 24h (supernatant—Enzyme-
Linked Immunosorbent Assay, ELISA).

For RT-qPCR, mRNA was extracted using a protocol
previously described (38). RNA quality was assessed by capillary
electrophoresis (Agilent 2100 Bioanalyzer, Santa Clara, CA,
USA). Reverse transcription reactions and qPCR assays (for
gene targets and primers, see Table 1) were also performed
as previously described (38, 39). RNA concentration was
determined by measuring optical density (OD) at 260nm
(OD260) and the RNA quality was assessed by calculating
0D260/0D280 ratio and by capillary electrophoresis (Agilent
2100 Bioanalyzer, Agilent Technologies Inc., Santa-Clara, USA).
cDNA was generated from 100-200 ng of RNA per reaction
and RT-PCR was performed using the SuperScript™ III
Platinum® Two-Step RT-qPCR Kit as per the manufacturer’s
recommendations (Invitrogen). The generated cDNA was stored
at —80°C. qPCR assays were carried out as previously reported
using the two most stable reference genes (38, 40). qPCR data
were expressed as relative values after Genex macro analysis (Bio-
Rad) (41) using the Cycle quantification (Cgq) from the samples
for the different transcripts.

For the ELISA (IFNa and TNFa), cells were harvested after
24 h stimulation and centrifuged for 5 min at 400g. IFNa ELISA
was performed with a homemade ELISA using an R&D Systems
antibody (Minneapolis, MN, USA) as previously described (38).
TNFa ELISA was carried out using Porcine TNFa Quantikine
ELISA Kit according to the manufacturer’s recommendations
(R&D Systems).

Immunization Trial

Dutch Landrace piglets were housed at 3 weeks of age and
acclimatized for 1 week before performing the first immunization
(day 0) and a boost at day 14. Five groups of pigs (n
= 8) received either inactivated VR2385-micropraticles (mp)
of polyphosphazene (PCEP)-IDR-1002-poly(I:C) using intra-
muscular or intra-nasal routes (groups IDR-1002/IM and IDR-
1002/IN) or inactivated VR2385-mpPCEP-LL37-poly(I:C) using
intra-muscular or intra-nasal routes (groups LL37/IM and
LL37/IN) or the adjuvant mpPCEP-poly(I:C) alone in IM (group
Controls). Two weeks after the second immunization (day 28),
all pigs were challenged intra-nasally (IN) with PRRSV VR-
2385 and body temperature was monitored daily for a total of 7
days until day 6 post-challenge (Supplementary Figure 1). Nasal
swabs and blood samples were collected every 3-4 days following
challenge. Pigs were euthanized at day 42 and tissues sampled and
analyzed. One pig (group LL37/IM) was euthanized before the
end of the experiment due to leg injury and inflammation. This
pig was not included in the data analysis.
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TABLE 1 | List of primers (reference genes are underlined).

Gene Primer sequences Amplicon Annealing Accession

targeted sizes (bp) temperatures numbers

B2M F-TTCTGGTCCACACTGAGTTC 126 60 [NM_213978]
R-ATCTCTGTGATGCCGGTTAG

CCL2 F-AGTCACCTGCTGCTATACAC 117 60 [NM_214214]
R-GCGATGGTCTTGAAGATCAC

CCL3 F-GCCTGCTGCTTCTCCTATAC 178 60 [AY643423]
R-TCAGCTCCAGGTCAGAGATG

CCL5 F-TGCCCTTGCTGTCATCCTC 201 60 [NM_001129946]
R-CACACCTGGCGGTTCTTTC

L6 F-ATCAGGAGACCTGCTTGATG 177 60 [NM_214399]
R-TGGTGGCTTTGTCTGGATTC

IL8 F-TCCTGCTTTCTGCAGCTCTC 100 62 [NM_213867]
R-GGGTGGAAAGGTGTGGAATG

IFNa F-CTCCTGGCACAAATGAGGA 158 60 [XM_003483387]
R-CTGAAGAGCTGGAAGGTCTG

IFNB F-GGAACTTGATGGGCAGATGG 159 60 [EU744562]
R-CAGGCACAGCTTCTGTACTC

RPL19 F-AACTCCCGTCAGCAGATCC 147 60 [AF_435591]
R-AGTACCCTTCCGCTTACCG

SOCS1 F-CGCCCTCAGTGTGAAGATGG 110 62 [NM_001204768]
R-GCTCGAAGAGGCAGTCGAAG

STAT6 F-TCCCAGCTACGATCAAGATG 171 60 [NM_001197306]
R-AGTGAGAGTGTGGTGGATAC

TNFo F-CCAATGGCAGAGTGGGTATG 116 60 [NM_214022]

R-TGAAGAGGACCTGGGAGTAG

Chemical inactivation was performed on a 1 x 10°
TCIDso/mL PRRSV stock, obtained from infected AM culture
supernatant, using 2-bromo-ethylamine intercalate agent (BEI)
(42). For one immunization dose, 1x10°> TCIDs, of BEI-treated
virus was associated with 10 pg of poly(I:C), 20 pg of IDR-
1002 or LL37 peptides, and 10 g of PCEP (1-2-1 ratio). The
adjuvants were complexed by incubating HDP and TLR ligand,
then PCEP and virus were assembled as previously described
(43-45). Quality of the formulation was evaluated by measuring
virus incorporation into particles; this was determined by viral
RNA extraction and subsequent RT-qPCR. Virus incorporation
efficiency reached 50% and the obtained corrected vaccine titer
was 5 x 10* TCIDsg per dose. Particulate delivery system has the
advantage to present multiple copies of an antigen - inactivated
virus in our case—and promote trapping and retention of the
selected antigen in the local draining lymphoid tissue (46).
Additionally, particles are caught by antigen presenting cells
(APC) leading to enhanced antigen presentation and the release
of multiple cytokines promoting the induction of the adaptive
immune response.

PRRSYV Viremia

One step RT-qPCR: RNA was purified from serum or tissue
samples using the NucleoSpin RNA 8 virus kit (Macherey-Nagel,
Diiren, Germany) according to the manufacturer’s instructions.
PRRSV viremia was evaluated using a one-step RT-qPCR

commercial kit (Tetracore, Rockville, MD, USA) following
manufacturer’s recommandations. Data were analyzed as relative
expression or absolute quantification based on supplied PRRSV
RNA positive control with known concentration in copies/mL. In
some cases, unspecific amplifications were observed and no value
was presented for some samples.

Flow cytometry: After infection, AMs were washed and
permeabilized using commercial kit (eBioscience, San Diego,
CA). Cells were incubated 20min with mouse fluorescein
(FITC) conjugate IgG1 antibody SR30 directed against PRRSV
N protein (dilution 1/100) (RTI, Brookings, SD, USA), washed
and a variable number of cells analyzed using Facscalibur
(BD Biosciences).

Detection of PRRSV-Specific Antibodies

ELISAs were performed on sera and nasal swabs sampled at 14,
28, and 42 days post-immunization to detect PRRSV-specific
antibodies using a commercial kit (IDEXX, Toronto, Canada)
according to the manufacturer’s recommendations. Nasal swabs
were incubated 1h at room temperature in a PBS buffer
completed with 1 mM phenylmethylsulfonyl fluoride (PMSF)
before freezing stock at —20°C. Antibody titers were expressed as
sample/positive (S/P) ratios. SP = [(absorbance value of sample
in PRRSV well) - (absorbance value of sample in normal host
cell well)]/[(mean absorbance value of positive serum control in
PRRSV well) - (mean absorbance value of positive serum control
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in normal host cell well)]. All values are corrected by the negative
control background.

Peripheral Blood Mononuclear Cell IFNy
ELISPOT Analysis

Peripheral blood mononuclear cells (PBMC) were isolated from
blood samples collected at day 28 and 42 post-immunization
using Ficoll (Sigma-Aldrich, Oakville, ON, Canada) gradients.
One day prior to PBMC isolation, nitrocellulose unifilter 350
microtiter plates (VWR, Radnor, PA, USA) were coated with
monoclonal anti-porcine IFNy antibody (Endogen, Rockford,
IL, USA) in coating buffer at a concentration of 5 ug/mL for 16 h
at 4°C and ELISPOT were performed as previously described
(47-49). Briefly, 10° or 10° cells were stimulated with 100 L
of control medium, inactivated PRRSV at a MOI of 0.1 or
concavalin A (Sigma-Aldrich) at 200 pg/mL (positive control).
Plates were then incubated for 16h at 37°C, washed, and
incubated with rabbit anti-porcine IFNy (Endogen, Rockford,
IL, USA) at a concentration of 2ug/mL for 16h at 4°C. The
plates were then washed and incubated with biotinylated-goat
anti-rabbit immunoglobulin G (IgG) (H+L) (DiIAMED, San
Francisco, CA, USA) at a dilution of 1:5,000 for 2h at room
temperature. The wells were washed five times and incubated
with streptavidin alkaline solution (Jackson ImmunoResearch,
West Grove, PA, USA) at a dilution of 1:5,000 for 1.5h at room
temperature. After eight washes with double-distilled water,
5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium
(Sigma-Aldrich)-insoluble alkaline substrate solution was added
(100 pL/well), and the plates were incubated for 5 min. The plates
were then washed again with double-distilled water and dried
overnight at room temperature. Spots were counted manually
under an inverted light microscope. The number of spots
observed in wells was evaluated with an AID ELISpot reader
(AID GmbH, Strassberg, Germany) with subtracted background.
Data were reported as the number of IFNy-secreting cells per
10° cells. When the quality of the sample or the number of cells
was too low no data was generated explaining the small numbers
of values (pigs) in some groups.

Statistical Analysis

Statistical analyses were performed using the StatsModels and
SciPy (50) Python packages. Two-way ANOVA (statsmodels
v0.9.0) was used to assess the effects of poly(I:C) and peptides
PR39, IDR-1002, and LL37 and the interaction between them.
Two-way ANOVA was followed by post-hoc analysis with Tukey’s
HSD (see full statistical analysis in Supplementary Files). To
compare the number of IFNy secreting cells between groups,
Welchs t-test (P < 0.05) was used with the Bonferroni
correction. The group labels obey the following properties.
Groups with entirely different labels (i.e., no shared letters)
differed significantly from one another, while groups with the
same labels or overlap between letters did not. Where the
data exhibited significant positive skew, a log transform was
applied to normalize the data before applying statistical tests.
Visualizations were generated with the Matplotlib and Seaborn
Python packages (51).

RESULTS

Selected Peptides Interact With Synthetic
Nucleic Acid Poly(l:C)

To assess whether the ability of selected peptides to inhibit
PRRSV replication was due to modified cell signaling or direct
interaction with poly(I:C), a gel migration analysis of poly(L:C)-
HDP complexes was carried out to identify potential interactions
between the peptides and poly(I:C). Since the interaction of LL37
with poly(I:C) was previously demonstrated by others (29), LL37
was used as a reference to assess and compare IDR-1002 and PR-
39 peptides. Apparent reduced migration of poly(I:C) on agarose
gel suggests interactions of the three peptides with poly(I:C)
(Figures 1A,B). With high concentration of poly(I:C) (5 mg/mL),
peptides PR39 and IDR-1002 seem to reduce more the migration
of poly(I:C) than LL37 (Figure 1A). Similar observation was
made when using lower concentration of poly(I:C) (Figure 1B).

Some Peptides Can Reduce
Poly(l:C)-Induced Response to Some
Extent

The purpose of the next experiments was a brief assessment
of some immunomodulatory properties of the peptides
through their modulation of poly(I:C)-induced response in
alveolar macrophages. These cells are antigen presenting cells
and are the main targets and producers of the virus. When
AMs were stimulated with poly(I:C) (10 pg/mL), high levels
of TNFa, CCL3, IL6, and IL8 transcripts were measured
after 6h (Figure 2). CCL2, CCL5, IFNa, IFNB, and SOCS1
transcripts were also expressed under poly(L:C) stimulation
(Supplementary Figure 2 and Supplementary Table 1). The
two-way ANOVA analysis showed significant differences
between poly(I:C) and no-poly(I:C) groups for all measured
cytokines (Table 2). Significant differences between peptide
groups were found for all but IL6 and IFNa. After adjusting
for the marginal effects of the two factors (i.e., poly(I:C) and
peptides), a significant interaction between the factors remained
for TNFa protein (pg/mL) (Table2), suggesting that, with
respect to TNFa, the immunomodulatory properties of poly(I:C)
and peptides are not conferred by completely independent
mechanisms, but through directly or indirectly interacting
mechanisms of the immune activation pathway.

LL37 Reduces PRRSV Replication in vitro
To determine whether selected peptides inhibit PRRSV
replication, we infected AMs and lung tissues with PRRSV
VR-2385 mixed 1h in advance with IDR-1002, LL37, and PR39.
As shown in a preliminary test (Supplementary Figure 3), an
inhibition of PRRSV infection was observed in AMs when
the virus was mixed with LL37 but not to a same extent with
other peptides. Then, when LL37 was added to PRRSV VR-
2385 on AMs and PCLS, a statistically significant decrease in
viral replication was also observed by qPCR analyses (P <
0.05) (Figure 3).
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A Poly(l:C) 5mg/mL B Poly(l:C) Img/mL

R

- PR39 IDR-1002 LL37 PR39 IDR-1002 LL37 =
10-1 10-1 10-1 pg/mL [~ Y e
1 0.062 1 0.062 1 0.062 ug/mlL

FIGURE 1 | Peptide interactions with poly(l:C). Peptides were incubated with either 5 mg/mL (A) or 1 mg/mL (B) of poly(I:C) for 30 min at 37°C in 20 pL final volume
and run on a 1% agarose gel. Poly(l:C) was detected with ethidium bromide. Peptides were used at concentrations of 10 or 1 ug/mL [A with 5 mg/mL poly(l:C)] or
with a gradient (triangle shape symbol) of 1, 0.25, and 0.062 g/mL [B with 1 mg/mL poly(l:C)]. A representative result of three experiments which provided similar

results is shown. L, Ladder.

Assessment of LL37 and IDR-1002
Adjuvant Properties

HDPs have been used successfully as adjuvants previously in
different species (1, 3, 9, 24-26). In our conditions, LL37 and
IDR-1002 were able to significantly decreased TNFa protein
production consecutive to an induction of innate immune
response through poly(I:C) stimulation in AMs, the main target
of PRRSV. That observation could be seen as disadvantage as
well as an advantage in a perspective of using the peptides as
adjuvants even if AMs are not the only antigen presenting cells in
the host. Moreover, for several cytokines and transcripts relating
to immune response we did not see any differences between
poly(I:C) and poly(I:C) + peptides treatments complicating the
interpretation of the data regarding the adjuvant potential of
the peptides. Thus, because chemokine and cytokine expressions
consecutive to poly(I:C) stimulation were mostly altered by LL37
and IDR-1002, we chose to test the adjuvant potential of these two
peptides in vivo in association with inactivated PRRSV vaccine.
An immunization trial against PRRSV was carried out and the
adjuvant potential of LL37 and IDR-1002 was assessed after
intra-muscular and intra-nasal immunizations. The two peptides
were formulated with poly(I:C) and with 1 x 10° TCIDs of
inactivated PRRSV VR-2385 to produce microparticles using a
simple assembly procedure previously described (26, 44). The
microparticles ranged from 0.5 to 2 micron in size, facilitating the
delivery of antigens to antigen-presenting cells as stated before.
After challenge, viremia was detected in all animals
(Figure 4A, no statistically significant differences between
groups — P > 0.05). All immunized animals developed moderate
titers of PRRSV-specific antibodies with ratios between 0.5 and 2
(Figure 4B, no statistically significant differences between groups
- P > 0.05). As expected, intra-muscular immunization resulted
in higher serum antibody titers than intra-nasal immunization
(Figure 4C: groups IDR-1002/IM and LL37/IM showing the
highest S/P ratios). In nasal swab samples, antibody ratios were

usually low (Figure 4C). However, an increase between day 28
and 42 was identified in all the groups. The immune responses
consecutive to intra-muscular immunization were invariably
better than after intra-nasal immunization regardless of the
formulation used (Figures 4B,C).

IENYy production in PBMC was analyzed at day 28 and 42
(Figures 4D,E). Non-specific stimulation of PBMC was identified
at day 28 and 42 (200-500 spots/10° cells vs. 10 in control
group). At day 42, a specific anti-PRRSV response was identified.
The group which received LL37 via the intra-muscular route
(LL37/IM) showed a higher response to PRRSV VR-2385 than
the other groups (Figures 4D,E). However, the difference was not
statistically significant (P > 0.05) and non-purified PRRSV used
as antigen in the ELISPOT assay might also have induced, to a
low extent, non-specific IFNy responses to stress antigens such as
MHC class I polypeptide-related sequence A (MICA) expressed
by virus-infected cells.

DISCUSSION

In the current study, we aimed at carrying out a first assessment
of immunomodulatory and antiviral properties of LL37, PR39,
and IDR-1002 in pigs. We identified some physical interactions
of three peptides with poly(I:C) (Figure 1). Then, we assessed the
alteration of AMs’ poly(I:C)-induced response by the peptides.
So far, broad transcriptomic analyses subsequent to stimulations
with the peptides alone and focusing on interaction between
HDPs and TLR ligands with limited analyses of inflammation
markers have been performed by others (10, 11, 29, 52). With
a focus on inflammatory cytokine transcripts associated with
CCL3, IL6, IL8, and TNFa, we were able to confirm that
LL37 and IDR-1002 can alter the cellular response to some
extent (Figure2 and Table 2). In addition, type I interferon,
CCL2, and CCLS5 transcripts were assessed and for all of them
the upregulation induced by poly(I:C) was affected by neither
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FIGURE 2 | Peptide reduction of poly(l:C)-induced response. Selected peptides can reduce expression of poly(1:C) induced inflammatory cytokines in alveolar
macrophages. Cells were stimulated with the positive control poly(l:C) (10 ug/mL), the HDPs (20 ng/mL) or a combination of both. (A) Transcript expression was
analyzed 6 h after stimulation. (B) Cell supernatants were analyzed by ELISA to determine the production of TNFa and IFNa after 24 h of stimulation of the alveolar
macrophages. Each group includes 4 to 8 pigs and estimated means with 95% confidence intervals are presented. The horizontal dashed line marks poly(l:C)

intervention only (For statistical analysis please see Table 2).
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TABLE 2 | Two-way ANOVA (type Il sum of squares; statsmodels v0.9.0) was
performed on the cytokine data.

sum_sq df F PR(>F)
TNFalpha
C(Peptide) 3.858292 2 22.818448 1.32E-06
C(PolylC 14.482661 1 171.304754 1.87E-13
C(Peptide):C(PolylC) 0.340781 2 2.015422 1.52E-01
Residual 2.367211 28 NaN NaN
IFNalpha
C(Peptide) 0.269951 2 0.471966 6.29E-01
C(PolylC) 20.118697 1 70.34873 1.35E-08
C(Peptide):C(PolyIC) 0.015425 2 0.026968 9.73E-01
Residual 6.863645 24 NaN NaN
CCL3
C(Peptide) 3.599368 2 14.92347 6.15E-05
C(PolylC) 12.142635 1 100.690031 4.60E-10
C(Peptide):C(PolylC) 0.066029 2 0.273766 7.63E-01
Residual 2.894261 24 NaN NaN
IL6
C(Peptide) 2.672236 2 2.389105 0.11318
C(PolylC) 19.243249 1 34.408744 0.000005
C(Peptide):C(PolyIC) 0.605445 2 0.541297 0.588933
Residual 13.422111 24 NaN NaN
IL8
C(Peptide) 2.024658 2 9.246024 1.05E-03
C(PolylC) 9.064626 1 82.791024 3.01E-09
C(Peptide):C(PolylC) 0.208371 2 0.951568 4.00E-01
Residual 2.627713 24 NaN NaN
TNFalpha (pg/mL)
C(Peptide) 2447746 2 6.925438 0.004043
C(PolylC) 5.621733 1 31.811278 0.000007
C(Peptide):C(PolylC) 2.120345 2 5.99912 0.007447
Residual 4.418034 25 NaN NaN
IFNalpha (pg/mL)
C(Peptide) 0.54701 2 1.670915 0.20922
C(PolylC) 6.856436 1 41.887813 0.000001
C(Peptide):C(PolylC) 0.003793 2 0.011587 0.988485
Residual 3.928457 24 NaN NaN

Bold values indicate cytokine transcripts and proteins (pg/mL).

HDP nor IDR-1002 treatments (Supplementary Figure 2). This
observation was made at the transcriptional level. Also of note
was the lack of PR39 interference with poly(I:C) stimulation in
our conditions (Figure 2).

Because HDPs and their synthetic analog, IDR-1002, were
able to interact with viral RNA analogs such as poly(I:C), we
decided to evaluate the interaction of the peptides with a major
porcine RNA virus. Using the PRRSV model, anti-PRRSV activity
was identified for LL37. Viral replication was inhibited in vitro
and ex vivo in PCLS (Supplementary Figure 3 and Figure 3).
Interestingly, viral inhibition was not observed for IDR-1002 and
PR39 despite IDR-1002 showing immunomodulatory properties
after stimulation of AMs with poly(I:C). LL37 might have directly
complexed with PRRSV nucleic acid inhibiting its replication in

AM PCLS
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FIGURE 3 | LL37 impacts on PRRSV replication in vitro. RT-qPCR was used
to measure PRRSV VR-2385 replication after inoculation of the virus to AMs
and PCLS in vitro with or without addition of LL37 (n = 3-5 pigs). AM, alveolar
macrophage and PCLS, precision cut lung slices.

a direct fashion as already suggested (53). Alternatively, LL37, in
a PRRSV context, might also have inhibited signaling pathways
induced by the virus even if it seems less plausible based on
a recent report (53) and our data. Indeed, we did not observe
a clear impact of LL37, on its own, on mRNA expression in
AMs. Thus, our data are in agreement with previous reports
demonstrating antiviral properties of LL37 (21). In these studies,
the authors associated antiviral properties to various mechanisms
involving both viral particles and epithelial cells (21). More
recently, another study also demonstrated antiviral properties
for LL37 against human rhinovirus (53). In that report, authors
showed that LL37 has antiviral activity when either the rhinovirus
is exposed to the peptides before cell infection or after the
cells have been infected (53). Moreover, they demonstrated that
the action of cathelicidins, either from animal or human, is
by directly affecting the virus rather than by an induction of
apoptosis or necrotic cell death (53). Regarding the anti-PRRSV
activity of some HDPs, only a few studies are available (35, 36).
In these studies anti-PRRSV properties were demonstrated for
pBD-3 (35), a porcine HDP of the B-defensin family, and PG-
1 (36), a protegrin originally isolated from porcine leukocytes. To
clarify the mechanism(s) controlling the anti-PRRSV properties
of LL37 further studies are needed. The absence of viral inhibition
of PR39 against PRRSYV, in our conditions is puzzling since this
porcine cathelicidin has also been associated with strong antiviral
potential (21). Regarding IDR-1002, no direct antiviral activity
has been described to our knowledge thus far, although indirectly
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FIGURE 4 | Adjuvant potential of LL37 and IDR-1002 in an immunization trial against PRRSV (A-C). Serum virus titers and PRRSV specific antibody titers in serum as
well as nasal swab presented as sample/positive ratio were determined (day 28 and/or 42) after challenge of the different vaccinated groups. For each group,
including 5 to 8 pigs, the estimated mean with 95% confidence interval is presented. Labels (a/b) were derived using Tukey’s HSD (P < 0.05). IFNy production in
PBMC 28 and 42 days after the first immunization (D,E). IFNy producing cells were analyzed before (day 28) and after (day 42) challenge. For each group, including
5-8 pigs, the estimated mean with 95% confidence interval is presented. Different letters (a/b) indicate significant differences (Welch’s t-test; P < 0.05) between
groups. In a comparison, if there is one letter in common—for instance two (a) or (ab) and (a), (b) and (ab) - it means there is no statically significant difference between
the two conditions (P > 0.05). Conversely, if there is no letter in common in the comparison—for instance (a) and (b)—it means there is a statistically significant
difference between the two conditions (P < 0.05).

IDR can increase the release of LL37 by neutrophils (54) with
subsequent potential impact on virus particles.

Current vaccines against PRRS are still disappointing in terms
of protection [for a review on PRRS see (32)]. In general,
modified live attenuated vaccine (MLV) are more effective than
their inactivated counterparts due to a better stimulation of the
immune system (55, 56). However, they are still of concern
due to possible spread and reversion to virulence through
mutations of the vaccine virus. Regarding that point, inactivated
vaccines are safer than MLV but, in general, less effective due to
lower immunogenicity (56, 57). Thus, current research against
PRRS is focused on alternative antiviral strategies (57) and on
enhancing the efficacy of inactivated vaccines through the use
of various adjuvants. With that idea in mind we assessed the
potential of LL37 and IDR-1002 to serve as adjuvants in a
vaccine formulation against PRRS. Indeed, based on our results
in vitro and the literature presented above, both peptides could
have an impact on the establishment of the adaptive immune

response with their capacity to alter the innate cellular response,
associated or not to concomitant antiviral properties. In our
conditions, no protection was observed against the disease and
only a few points can be reported (Figure 4). There were no
clear differences between formulations including LL37 and IDR-
1002. These observations were unexpected since interesting
adjuvant properties were demonstrated for both peptides in
different contexts (24-28, 58). As anticipated, using the IM
route we observed a slightly better induction of the immune
parameters we assessed than using the IN route. To explain
these results some hypotheses can be formulated. First, the
antigen dose could have been too low to induce a protective
response in the host. Second, the presentation of the antigen
could have been altered by the formulation resulting in a
weak immune stimulation. The third possibility is that a cross-
neutralization of peptides with TLR ligand agonists occurred,
which has been previously reported (11, 29) and shown in
this study. Fourth, correlates of protection for PRRSV are not
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always easy to assess, still need further investigations, and are
strain dependent (32, 33). Finally, LL37 and IDR-1002 might
not be suitable adjuvants on their own in the pig in a PRRSV
vaccination context.

In conclusion, both antiviral and immunomodulatory
properties could be identified for LL37, only immunomodulatory
properties for IDR-1002, but both peptides failed to improve
the immune response consecutive to an immunization with a
killed vaccine in a PPRSV challenge experiment. Further studies
are needed to decipher and explain these observed differences
between the different HDP and their synthetic analogs.
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Supplementary Figure 1 | Immunization trial—Body temperature was monitored
daily for a total of 7 days until day 6 post-challenge in all the pig groups. IM,
intra-muscular injection; IN, intra-nasal injection. Change in temperature over time
was investigated by fitting a linear regression model to the data. The plots show
the linear models of the groups together with their 95% confidence intervals. The
P-value calculated for the regression coefficient using the F-test is shown in the
top left corner of each plot.

Supplementary Figure 2 | Peptide reduction of poly(l:C)-induced response —
CCL2, CCL5, IFNB, SOCS1, and STAT6. Selected peptides can reduce
expression of poly(l:C) induced inflammatory cytokines in alveolar macrophages.
Cells were stimulated with the positive control poly(l:C) (10 pg/mL), the HDPs

(20 pg/mL) or a combination of both. Transcript expression was analyzed 6 h after
stimulation. Each group includes 4 to 8 pigs and estimated means with 95%
confidence intervals are presented. The horizontal dashed line marks poly(l:C)
intervention only (For statistical analysis please see Supplementary Table 1).

Supplementary Figure 3 | Preliminary analysis of peptide inhibition of PRRSV
infection in AMs. Alveolar macrophage PRRSV infection was analyzed by
SR30-FITC staining and flow cytometry analysis after 24 h of infection. Shown in
gray are the control conditions (non-infected cells) and in white (infected cells) the
PRRSV infection conditions.

Supplementary Table 1 | Two-way ANOVA (type Il sum of squares; statsmodels
v0.9.0) was performed on the cytokine data.

4. Sang Y, Blecha F. Porcine
repertoire and functions.
doi: 10.1016/.dci.2008.05.006

5. Mansour SC, Pena OM, Hancock REW. Host
front-line immunomodulators. Trends Immunol.
doi: 10.1016/}.it.2014.07.004

6. Hennig-Pauka I, Koch R, Hoeltig D, Gerlach G-F, Waldmann K-H, Blecha
E et al. PR-39, a porcine host defence peptide, is prominent in mucosa
and lymphatic tissue of the respiratory tract in healthy pigs and pigs

host defense peptides: expanding
Dev  Comp Immunol. (2009) 33:334-43.

defense peptides:
(2014)  35:443-50.

3. Seo M-D, Won H-S, Kim J-H, Mishig-Ochir T, Lee B-J. infected with Actinobacillus pleuropneumoniae. BMC Res Notes. (2012) 5:539.
Antimicrobial —peptides for therapeutic applications: a review. doi: 10.1186/1756-0500-5-539
Molecules. (2012) 17:12276-86. doi: 10.3390/molecules1710 7. van der Does AM, Bergman P, Agerberth B, Lindbom L. Induction of
12276 the human cathelicidin LL-37 as a novel treatment against bacterial
Frontiers in Veterinary Science | www.frontiersin.org 10 July 2019 | Volume 6 | Article 233


https://www.frontiersin.org/articles/10.3389/fvets.2019.00233/full#supplementary-material
https://doi.org/10.3389/fcimb.2016.00194
https://doi.org/10.3390/vaccines6030063
https://doi.org/10.3390/molecules171012276
https://doi.org/10.1016/j.dci.2008.05.006
https://doi.org/10.1016/j.it.2014.07.004
https://doi.org/10.1186/1756-0500-5-539
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Levast et al.

HDPs’ Impact PRRSV Host Response

infections. ] Leukoc Biol. (2012) 92:735-42. doi: 10.1189/jlb.04 27. Cao D, Li H, Jiang Z, Xu C, Cheng Q, Yang Z, et al. Synthetic
12178 innate defence regulator peptide enhances in vivo immunostimulatory
8. Bals R. Epithelial antimicrobial peptides in host defense against infection. effects of CpG-ODN in newborn piglets. Vaccine. (2010) 28:6006-13.
Respir Res. (2000) 1:5. doi: 10.1186/rr25 doi: 10.1016/j.vaccine.2010.06.103
9. Scott MG, Davidson DJ, Gold MR, Bowdish D, Hancock REW. The human 28. Garlapati S, Garg R, Brownlie R, Latimer L, Simko E, Hancock REW, et al.
antimicrobial peptide LL-37 is a multifunctional modulator of innate immune Enhanced immune responses and protection by vaccination with respiratory
responses. J Immunol. (2002) 169:3883-91. doi: 10.4049/jimmunol.169.7.3883 syncytial virus fusion protein formulated with CpG oligodeoxynucleotide and
10. Alalwani SM, Sierigk ], Herr C, Pinkenburg O, Gallo R, Vogelmeier C, innate defense regulator peptide in polyphosphazene microparticles. Vaccine.
et al. The antimicrobial peptide LL-37 modulates the inflammatory and host (2012) 30:5206-14. doi: 10.1016/j.vaccine.2012.06.011
defense response of human neutrophils. Eur ] Immunol. (2010) 40:1118-26. 29. Hasan M, Ruksznis C, Wang Y, Leifer CA. Antimicrobial peptides inhibit
doi: 10.1002/ji.200939275 polyinosinic-polycytidylic acid-induced immune responses. ] Immunol.
11. Brown KL, Poon GFT, Birkenhead D, Pena OM, Falsafi R, Dahlgren C, et al. (2011) 187:5653-9. doi: 10.4049/jimmunol.1102144
Host defense peptide LL-37 selectively reduces proinflammatory macrophage 30. Lai Y, Adhikarakunnathu S, Bhardwaj K, Ranjith-Kumar CT, Wen
responses. | Immunol. (2011) 186:5497-505. doi: 10.4049/jimmunol.1002508 Y, Jordan JL, et al. LL37 and cationic peptides enhance TLR3
12. Gordon YJ, Huang LC, Romanowski EG, Yates KA, Proske R], McDermott signaling by viral double-stranded RNAs. PLoS ONE. (2011) 6:€26632.
AM. Human cathelicidin (LL-37), a multifunctional peptide, is expressed by doi: 10.1371/journal.pone.0026632
ocular surface epithelia and has potent antibacterial and antiviral activity. Curr 31. Singh D, Qi R, Jordan JL, San Mateo L, Kao CC. The human antimicrobial
Eye Res. (2005) 30:385-94. doi: 10.1080/02713680590934111 peptide LL-37, but not the mouse ortholog, nCRAMP, can stimulate signaling
13. Alagarasu K, Patil PS, Shil P, Seervi M, Kakade MB, Tillu H, et al. In-vitro effect by poly(I:C) through a FPRL1-dependent pathway. J Biol Chem. (2013)
of human cathelicidin antimicrobial peptide LL-37 on dengue virus type 2. 288:8258-68. doi: 10.1074/jbc.M112.440883
Peptides. (2017) 92:23-30. doi: 10.1016/].PEPTIDES.2017.04.002 32. Lunney JK, Fang Y, Ladinig A, Chen N, Li Y, Rowland B, et al. Porcine
14. Barlow PG, Svoboda P, Mackellar A, Nash AA, York IA, Pohl J, et al reproductive and respiratory syndrome virus (PRRSV): pathogenesis and
Antiviral activity and increased host defense against influenza infection interaction with the immune system. Annu Rev Anim Biosci. (2016) 4:129-54.
elicited by the human cathelicidin LL-37. PLoS ONE. (2011) 6:€25333. doi: 10.1146/annurev-animal-022114-111025
doi: 10.1371/journal.pone.0025333 33. Bordet E, Blanc E Tiret M, Crisci E, Bouguyon E, Renson P, et al.
15. Yasin B, Pang M, Turner JS, Cho Y, Dinh NN, Waring A], et al. Evaluation of Porcine reproductive and respiratory syndrome virus Type 1.3 lena
the inactivation of infectious herpes simplex virus by host-defense peptides. triggers conventional dendritic cells 1 activation and T helper 1 immune
Eur J Clin Microbiol Infect Dis. (2000) 19:187-94. doi: 10.1007/s100960050457 response without infecting dendritic cells. Front Immunol. (2018) 9:2299.
16. Bergman P, Walter-Jallow L, Broliden K, Agerberth B, Soderlund J. The doi: 10.3389/fimmu.2018.02299
antimicrobial peptide LL-37 inhibits HIV-1 replication. Curr HIV Res. (2007) 34. Lowe JE, Husmann R, Firkins LD, Zuckermann FA, Goldberg TL.
5:410-5. doi: 10.2174/157016207781023947 Correlation of cell-mediated immunity against porcine reproductive
17. Currie SM, Findlay EG, McHugh BJ, Mackellar A, Man T, Macmillan and respiratory syndrome virus with protection against reproductive
D, et al The human cathelicidin LL-37 has antiviral activity failure in sows during outbreaks of porcine reproductive and respiratory
against respiratory syncytial virus. PLoS ONE. (2013) 8:€73659. syndrome in commercial herds. ] Am Vet Med Assoc. (2005) 226:1707-11.
doi: 10.1371/journal.pone.0073659 doi: 10.3389/fgene.2012.00260
18. Currie SM, Gwyer Findlay E, McFarlane AJ, Fitch PM, Béttcher B, Colegrave 35. Sang Y, Ruchala P, Lehrer RI, Ross CR, Rowland RRR, Blecha F.
N, etal. Cathelicidins have direct antiviral activity against respiratory syncytial Antimicrobial host defense peptides in an arteriviral infection: differential
virus in vitro and protective function in vivo in mice and humans. ] Immunol. peptide expression and virus inactivation. Viral Immunol. (2009) 22:235-42.
(2016) 196:2699-710. doi: 10.4049/jimmunol.1502478 doi: 10.1089/vim.2009.0005
19. Howell MD, Jones JF, Kisich KO, Streib JE, Gallo RL, Leung DYM. Selective 36. Guo C, Cong P, He Z, Mo D, Zhang W, Chen Y, et al. Inhibitory
killing of vaccinia virus by LL-37: implications for eczema vaccinatum. ] activity and molecular mechanism of protegrin-1 against porcine reproductive
Immunol. (2004) 172:1763-7. doi: 10.4049/JIMMUNOL.172.3.1763 and respiratory syndrome virus in vitro. Antivir Ther. (2014) 20:573-82.
20. Dean RE, O’Brien LM, Thwaite JE, Fox MA, Atkins H, Ulaeto DO. doi: 10.3851/IMP2918
A carpet-based mechanism for direct antimicrobial peptide activity 37. Vietmeier ], Niedorf F, Baumer W, Martin C, Deegen E, Ohnesorge B, et al.
against vaccinia virus membranes. Peptides. (2010) 31:1966-72. Reactivity of equine airways-a study on precision-cut lung slices. Vet Res
doi: 10.1016/].PEPTIDES.2010.07.028 Commun. (2007) 31:611-9. doi: 10.1007/s11259-007-3501-y
21. Barlow PG, Findlay EG, Currie SM, Davidson DJ. Antiviral potential of 38. Dobrescu I, Levast B, Lai K, Delgado-Ortega M, Walker S, Banman §, et al.
cathelicidins. Future Microbiol. (2014) 9:55-73. doi: 10.2217/fmb.13.135 In vitro and ex vivo analyses of co-infections with swine influenza and
22. Gerdts V, Wilson HL, Meurens F, Van den Hurk SVDL, Wilson D, Walker S, porcine reproductive and respiratory syndrome viruses. Vet Microbiol. (2014)
et al. Large animal models for vaccine development and testing. ILAR J. (2015) 169:18-32. doi: 10.1016/j.vetmic.2013.11.037
56:53-62. doi: 10.1093/ilar/ilv009 39. Meurens F, Girard-Misguich E Melo S, Grave A, Salmon H, Guillen
23. Veldhuizen EJA, Schneider VAF, Agustiandari H, van Dijk A, Tjeerdsma-van N, et al. Broad early immune response of porcine epithelial jejunal
Bokhoven JLM, Bikker FJ, et al. Antimicrobial and immunomodulatory IPI-2I cells to Entamoeba histolytica. Mol Immunol. (2009) 46:927-36.
activities of PR-39 derived peptides. PLoS ONE. (2014) 9:€95939. doi: 10.1016/j.molimm.2008.09.036
doi: 10.1371/journal.pone.0095939 40. Delgado-Ortega M, Melo S, Punyadarsaniya D, Ramé C, Olivier M, Soubieux
24. Pachoén-Ibéfiez ME, Smani Y, Pachén J, Sinchez-Céspedes J. Perspectives for D, et al. Innate immune response to a H3N2 subtype swine influenza virus in
clinical use of engineered human host defense antimicrobial peptides. FEMS newborn porcine trachea cells, alveolar macrophages, and precision-cut lung
Microbiol Rev. (2017) 41:323-42. doi: 10.1093/femsre/fux012 slices. Vet Res. (2014) 45:42. doi: 10.1186/1297-9716-45-42
25. Nijnik A, Madera L, Ma S, Waldbrook M, Elliott MR, Easton DM, 41. Vandesompele ], De Preter K, Pattyn F Poppe B, Van Roy N, De Paepe
et al. Synthetic cationic peptide IDR-1002 provides protection against A, et al. Accurate normalization of real-time quantitative RT-PCR data by
bacterial infections through chemokine induction and enhanced leukocyte geometric averaging of multiple internal control genes. Genome Biol. (2002)
recruitment. J Immunol. (2010) 184:2539-50. doi: 10.4049/jimmunol.09 3:RESEARCHO0034. doi: 10.1186/gb-2002-3-7-research0034
01813 42. Bahnemann HG. Inactivation of viral antigens for vaccine preparation with
26. Garlapati S, Eng NE Kiros TG, Kindrachuk J, Mutwiri GK, Hancock particular reference to the application of binary ethylenimine. Vaccine.
REW, et al. Immunization with PCEP microparticles containing pertussis (1990) 8:299-303.
toxoid, CpG ODN and a synthetic innate defense regulator peptide 43. EngNE Garlapati S, Gerdts V, Potter A, Babiuk LA, Mutwiri GK. The potential
induces protective immunity against pertussis. Vaccine. (2011) 29:6540-8. of polyphosphazenes for delivery of vaccine antigens and immunotherapeutic
doi: 10.1016/j.vaccine.2011.07.009 agents. Curr Drug Deliv. (2009) 7:13-20. doi: 10.2174/156720110790396481
Frontiers in Veterinary Science | www.frontiersin.org 11 July 2019 | Volume 6 | Article 233


https://doi.org/10.1189/jlb.0412178
https://doi.org/10.1186/rr25
https://doi.org/10.4049/jimmunol.169.7.3883
https://doi.org/10.1002/eji.200939275
https://doi.org/10.4049/jimmunol.1002508
https://doi.org/10.1080/02713680590934111
https://doi.org/10.1016/J.PEPTIDES.2017.04.002
https://doi.org/10.1371/journal.pone.0025333
https://doi.org/10.1007/s100960050457
https://doi.org/10.2174/157016207781023947
https://doi.org/10.1371/journal.pone.0073659
https://doi.org/10.4049/jimmunol.1502478
https://doi.org/10.4049/JIMMUNOL.172.3.1763
https://doi.org/10.1016/J.PEPTIDES.2010.07.028
https://doi.org/10.2217/fmb.13.135
https://doi.org/10.1093/ilar/ilv009
https://doi.org/10.1371/journal.pone.0095939
https://doi.org/10.1093/femsre/fux012
https://doi.org/10.4049/jimmunol.0901813
https://doi.org/10.1016/j.vaccine.2011.07.009
https://doi.org/10.1016/j.vaccine.2010.06.103
https://doi.org/10.1016/j.vaccine.2012.06.011
https://doi.org/10.4049/jimmunol.1102144
https://doi.org/10.1371/journal.pone.0026632
https://doi.org/10.1074/jbc.M112.440883
https://doi.org/10.1146/annurev-animal-022114-111025
https://doi.org/10.3389/fimmu.2018.02299
https://doi.org/10.3389/fgene.2012.00260
https://doi.org/10.1089/vim.2009.0005
https://doi.org/10.3851/IMP2918
https://doi.org/10.1007/s11259-007-3501-y
https://doi.org/10.1016/j.vetmic.2013.11.037
https://doi.org/10.1016/j.molimm.2008.09.036
https://doi.org/10.1186/1297-9716-45-42
https://doi.org/10.1186/gb-2002-3-7-research0034
https://doi.org/10.2174/156720110790396481
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Levast et al.

HDPs’ Impact PRRSV Host Response

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Garlapati S, Eng NE Wilson HL, Buchanan R, Mutwiri GK, Babiuk
LA, et al. PCPP (poly[di(carboxylatophenoxy)-phosphazene]) microparticles
co-encapsulating ovalbumin and CpG oligo-deoxynucleotides are potent
enhancers of antigen specific Th1 immune responses in mice. Vaccine. (2010)
28:8306-14. doi: 10.1016/j.vaccine.2010.09.080

Gracia A, Polewicz M, Halperin SA, Hancock RE, Potter AA, Babiuk LA, et al.
Antibody responses in adult and neonatal BALB/c mice to immunization with
novel Bordetella pertussis vaccine formulations. Vaccine. (2011) 29:1595-604.
doi: 10.1016/j.vaccine.2010.12.083

Wendorf J, Chesko J, Kazzaz ], Ugozzoli M, Vajdy M, O’'Hagan D, et al. A
comparison of anionic nanoparticles and microparticles as vaccine delivery
systems. Hum Vaccine. (2008) 4:44-9. doi: 10.4161/hv.4.1.4886

Polewicz M, Gracia A, Buchanan R, Strom S, Halperin SA, Potter
AA, et al. Influence of maternal antibodies on active pertussis toxoid
immunization of neonatal mice and piglets. Vaccine. (2011) 29:7718-26.
doi: 10.1016/j.vaccine.2011.07.135

Jeong HJ, Song YJ, Lee SW, Lee JB, Park SY, Song CS, et al. Comparative
measurement of cell-mediated immune responses of swine to the M and N
proteins of porcine reproductive and respiratory syndrome virus. Clin Vaccine
Immunol. (2010) 17:503-12. doi: 10.1128/CV1.00365-09

Meier WA, Galeota J, Osorio FA, Husmann RJ, Schnitzlein WM, Zuckermann
FA. Gradual development of the interferon-y response of swine to porcine
reproductive and respiratory syndrome virus infection or vaccination.
Virology. (2003) 309:18-31. doi: 10.1016/S0042-6822(03)00009-6

Seabold S, Perktold J. Statsmodels: econometric and statistical modeling with
python. In: Proceedings of the 9th Python in Science Conference. Austin, TX.
Hunter JD. Matplotlib: a 2D graphics environment. Comput Sci Eng. (2007)
9:90-5. doi: 10.1109/MCSE.2007.55

Bowdish DME, Davidson DJ, Scott MG, Hancock REW. Immunomodulatory
activities of small host defense peptides. Antimicrob Agents Chemother. (2005)
49:1727-32. doi: 10.1128/AAC.49.5.1727-1732.2005

Sousa FH, Casanova V, Findlay F Stevens C, Svoboda P, Pohl J,
et al. Cathelicidins display conserved direct antiviral activity towards

54.

55.

56.

57.

58.

rhinovirus. 95:76-83.  doi:
07.013

Niyonsaba F, Madera L, Afacan N, Okumura K, Ogawa H, Hancock REW.
The innate defense regulator peptides IDR-HH2, IDR-1002, and IDR-1018
modulate human neutrophil functions. J Leukoc Biol. (2013) 94:159-70.
doi: 10.1189/j1b.1012497

Renson P, Fablet C, Le Dimna M, Mahé S, Touzain E Blanchard Y, et al.
Preparation for emergence of an Eastern European porcine reproductive and
respiratory syndrome virus (PRRSV) strain in Western Europe: immunization
with modified live virus vaccines or a field strain confers partial protection. Vet
Microbiol. (2017) 204:133-40. doi: 10.1016/j.vetmic.2017.04.021

Lunney JK, Benfield DA, Rowland RR. Porcine reproductive and respiratory
syndrome virus: an update on an emerging and re-emerging viral disease of
swine. Virus Res. (2010) 154:1-6. doi: 10.1016/j.virusres.2010.10.009

Du T, Nan Y, Xiao S, Zhao Q, Zhou E-M. Antiviral strategies against PRRSV
infection. Trends Microbiol. (2017) 25:968-79. doi: 10.1016/j.tim.2017.
06.001

Kim S-H, Yang I-Y, Kim ], Lee K-Y, Jang Y-S. Antimicrobial peptide LL-37
promotes antigen-specific immune responses in mice by enhancing Th17-
skewed mucosal and systemic immunities. Eur ] Immunol. (2015) 45:1402-13.
doi: 10.1002/¢ji.201444988

Peptides.  (2017) 10.1016/j.peptides.2017.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Levast, Hogan, van Kessel, Strom, Walker, Zhu, Meurens and
Gerdts. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Veterinary Science | www.frontiersin.org

12

July 2019 | Volume 6 | Article 233


https://doi.org/10.1016/j.vaccine.2010.09.080
https://doi.org/10.1016/j.vaccine.2010.12.083
https://doi.org/10.4161/hv.4.1.4886
https://doi.org/10.1016/j.vaccine.2011.07.135
https://doi.org/10.1128/CVI.00365-09
https://doi.org/10.1016/S0042-6822(03)00009-6
https://doi.org/10.1109/MCSE.2007.55
https://doi.org/10.1128/AAC.49.5.1727-1732.2005
https://doi.org/10.1016/j.peptides.2017.07.013
https://doi.org/10.1189/jlb.1012497
https://doi.org/10.1016/j.vetmic.2017.04.021
https://doi.org/10.1016/j.virusres.2010.10.009
https://doi.org/10.1016/j.tim.2017.06.001
https://doi.org/10.1002/eji.201444988
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Synthetic Cationic Peptide IDR-1002 and Human Cathelicidin LL37 Modulate the Cell Innate Response but Differentially Impact PRRSV Replication in vitro
	Introduction
	Materials and Methods
	Virus, Reagents, and Pigs
	Porcine Alveolar Macrophage Isolation and Culturing
	Precision-Cut Lung Slices (PCLS)
	Peptides-Poly(I:C) Complex Formation Test
	Porcine Alveolar Macrophage Stimulation Analysis
	Immunization Trial
	PRRSV Viremia
	Detection of PRRSV-Specific Antibodies
	Peripheral Blood Mononuclear Cell IFNγ ELISPOT Analysis
	Statistical Analysis

	Results
	Selected Peptides Interact With Synthetic Nucleic Acid Poly(I:C)
	Some Peptides Can Reduce Poly(I:C)-Induced Response to Some Extent
	LL37 Reduces PRRSV Replication in vitro
	Assessment of LL37 and IDR-1002 Adjuvant Properties

	Discussion
	Data Availability
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


