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Innate immunity

IL-1R8 is a member of Interleukin-1 receptor family acting as a negative regulator of inflammation reliant on
ILRs and TLRs activation. IL-1R8 role has never been evaluated in acute bacterial mastitis. We first investigated
IL-1R8 sequence conservation among different species and its pattern of expression in a wide panel of organs
from healthy goats. Then, modulation of IL-1R8 during natural and experimental mammary infection was
evaluated and compared in blood, milk and mammary tissues from healthy and Staphylococcus aureus infected
goats. IL-1R8 has a highly conserved sequence among vertebrates. Goat IL-1R8 was ubiquitously expressed in

epithelial and lymphoid tissues with highest levels in pancreas. IL-1R8 was down-regulated in epithelial
mammary cells following S. aureus infection. Interestingly it was up-regulated in leukocytes infiltrating the
infected mammary tissues suggesting that it could represent a target of S. aureus immune evasion.

1. Introduction

In small ruminant dairies mastitis represents one of the most re-
levant health issues causing the reduction of milk production, high
veterinary care costs with increased use of antibiotics and animal cul-
ling that are responsible for severe economic losses [1]. Mastitis is
mainly caused by contagious and/or environmental microorganisms
leading to overt clinical or sub-clinical episodes. In small ruminants the
most frequently isolated pathogen in clinical cases is Staphylococcus
aureus [2]. Once S. aureus invades the mammary gland, it is sensed by
epithelial cells through their Pattern Recognition Receptors (PRRs).
These receptors bind to the Pathogen Associated Molecular Patterns
(PAMPs) triggering a signaling cascade leading to the establishment of
an inflammatory response accompanied by leukocyte recruitment that
is the basis for pathogen clearance [3-5].

The most important PRRs are Toll Like Receptors (TLRs) that are
widely expressed by several cell types and tissues. TLRs belong to a

superfamily that includes also the Interleukin-1 like receptors (ILRs).
The members of the superfamily are characterized by the presence of
the conserved cytoplasmic TIR domain involved in the signal trans-
duction [6]. Upon ligand binding, the ILRs and TLRs dimerize through
their TIR domain and recruit the TIR domain of a cytoplasmic adapter
molecule, such as MyD88, forming a receptor complex. The signaling
cascade involves also other molecules such as IRAK, TRAF6 and leads to
downstream activation of NF-kB or other transcription factors such as
AP-1, JNK, and IRF [7,8]. The activation of different transcription
factors drives the expression of pro-inflammatory cytokines and che-
mokines and the expression cell survival and proliferation genes [9].
The activation of immune and inflammatory responses by TLR and ILR
engagement in, such as in sepsis and chronic inflammation, is poten-
tially detrimental for the organism [10]. In order to avoid severe tissue
damages caused by an exaggerated inflammatory response, the activity
of ILRs and TLRs is tightly regulated at different levels including re-
ceptor antagonists (IL-1RA), decoy receptors (IL-1R2), soluble receptors
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(sST2), decoy signaling molecules (MyD88s) and miRNAs (miR-155)
that regulate translation of the mRNAs [10]. IL-1R8, also known as
TIR8 or SIGIRR, is a decoy receptor with a negative regulatory activity
on TLRs and ILRs. It is a fringe member of the ILR family that presents
three main differences compared to the other family members: a single
extracellular Ig domain (instead of three), an unusual 95 residue long
tail, and a TIR domain lacking two conserved residues [11]. Its nu-
cleotide sequence and pattern of expression are conserved among ver-
tebrates [12]. In mouse and human IL-1R8 is expressed in epithelial
tissues (e.g. kidney, gastrointestinal tract, liver, lung), in lymphoid
organs and in leukocytes (monocytes, lymphocytes, DCs, NK cells)
[13,14]. The mechanisms of the regulation of IL-1R8 expression are still
unclear, but down modulation has been described in several in-
flammatory conditions [15-22]. Stimuli inducing IL-1R8 expression are
still unknown.

IL-1R8 has been demonstrated to unroll an inhibitory activity on IL-
1R1, IL-1R5 (IL-18R), IL-1R4 (T1/ST2), TLR1/2, TLR3, TLR4, TLR7,
and TLR9 [23-28]. The mechanism of inhibition exerted by IL-1R8
involves both its extracellular and intracellular domains. Indeed, IL-1R8
is recruited at the receptor complex site of TLR4 and TLR7 and inter-
feres with the dimerization of MyD88. Specifically, IL-1R8 binds the
TIR domain of TLR4 and TLR7 through a BB-loop in its own TIR domain
that disturbs the MyD88 pocket and reduces the activation of the
downstream signaling molecules [29]. The extracellular domain of IL-
1R8 was demonstrated to prevent the dimerization of IL-1R1, IL-1R3,
and to block the activation of IL-1R4 [23,24]. In conclusion, IL-1R8 can
inhibit the activation of different transcription factors induced by TLRs
and ILRs, such as NF-kB, JNK and mTOR [30,31].

Given the anti-inflammatory role of IL-1R8, its modulation in
mammary gland could represent a novel strategy of immunotherapy for
mastitis prevention and treatment, reducing tissue damage and the use
of antibiotics.

In this work, the pattern of IL-1R8 expression was evaluated in
caprine healthy organs and tissues and its modulation during S. aureus
intra-mammary infection was investigated.

2. Material and methods
2.1. Animals and samples

In this study three groups of samples were used: a) organ and tissue
samples from two healthy goats, b) archived mammary tissues from six
goats experimentally infected with S. aureus from a previous study by
Cremonesi et al. 2012 [32], c¢) milk and blood samples from ten lac-
tating goats. The study complied with the recent Italian animal ex-
perimentation (D. Lgs. 26/2014) and ethics (Italian Health Ministry
authorization n. 628/2016-PR) laws.

Samples from a wide panel of tissues and organs (a) were taken from
two healthy goats at the slaughterhouse. A 0.5 cm? tissue sample was
taken from each organ following standard procedures at slaughterhouse
and immediately immersed in 3ml of RNAlater (Life Technologies,
Carlsbad, CA, USA), and stored at —20 °C until use.

Archival mammary tissue samples from six goats, experimentally
infected with S. aureus in a previous study [32], were collected and
analyzed 30 h post infection (b).

Finally, 15 ml of composite milk and 20 ml of blood were collected
from nine goats (6 healthy goats and 4 goats with clinical S. aureus
mastitis), located at Roccaforte Ligure (Alessandria, Italy). Before milk
sampling, teat ends were carefully cleaned. First streams of foremilk
were discharged, and then approximately 15 ml of milk were collected
aseptically into sterile vials. Milk was transported at 4°C to the la-
boratory and immediately processed. S. aureus infection was diagnosed
following NMC procedure [33]. Peripheral blood was collected from the
jugular vein in vacutainer tubes containing EDTA (BD, Franklin Lakes,
New Jersey, USA), and transported to the laboratory at room tem-
perature to avoid neutrophil activation.
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2.2. Immunohistochemistry

Formalin fixed, routinely processed and paraffin embedded ar-
chived mammary tissue samples [32] were cut in 3 pm slices and af-
fixed on the slide. Following immersion in xylene and descending al-
cohols, as previously described [34], samples were blocked with 10%
heat inactivated horse serum and incubated 18 h at 4 °C with the anti-
human SIGIRR primary polyclonal antibody (AF990, R&D Systems,
Minneapolis, MN, USA) antibody, at 1:1000 dilution in TRIS buffer.
Following three washes in TRIS buffer for 10 min each, samples were
incubated 30 min at room temperature with anti-goat biotinylated an-
tibody made in horse (IgG, Dako, Glostrup, Denmark) at 1:200 dilution.
Finally, slides were incubated with avidin-biotin reagent (Vectastain
Elite ABC system, Vector, Burlingame, CA, USA) for 30 min. Signal
detection was made using 3-amino-9-ethylcarbazole (AEC, vector Kkit,
Burlingame, CA, USA) as peroxidase substrate for 15 min, followed by a
Mayer’s hematoxylin counter stain (Sigma-Aldrich, St. Louis, USA).
After wash the slides were coverslipped and stored at room temperature
for microscopical evaluation. Anti-human SIGIRR antibody is poly-
clonal and recognizes multiple different epitopes of the target protein
that are not only conformational but also sequential (around 70-90 kD).
Moreover SIGIRR, also known as IL-1R8and/or TIR8, has a highly
conserved sequence (DNA and Protein) as described previously [12]
and in the present manuscript. Based on these observations and on the
previously published data [35,36] the polyclonal anti human SIGIRR
antibody is cross reactive at least with tome epitopes of the goat IL-1R8.

2.3. Milk processing

Milk fat globules (MFG) and milk cells were isolated as previously
described [34]. Briefly, milk was centrifuged and 500 pl of surface fat
layer (MFG) were added to a sterile 2ml tube containing TRIzol (In-
vitrogen, Life Technologies, Carlsbad, CA, USA). The samples were kept
at —80 °C until use.

Skimmed milk was eliminated and the cell pellet was resuspended
in 1 ml of RPMI (Invitrogen, Life Technologies, Carlsbad, CA, USA)
supplemented with 10% FCS (Invitrogen, Life Technologies, Carlsbad,
CA, USA). The cells (0.5-2 x 10%) were lysed in TRIzol (Invitrogen, Life
Technologies, Carlsbad, CA, USA) and then stored at —80 °C.

2.4. Blood cells isolation

Blood cells were isolated as previously described [34]. Briefly, blood
(1 ml) was lysed in ACK hypotonic solution (0.5M NH4Cl, 10 mM
KHCO3, 200l 0.5M EDTA pH 8). After wash, the cells were re-
suspended RPMI (Invitrogen, Life Technologies, Carlsbad, CA, USA)
supplemented with 10% FCS. 10° cells were used for cytospin pre-
paration, while 2-3 x 10° cells were lysed in TRIzol (Invitrogen, Life
Technologies, Carlsbad, CA, USA) and stored at —20 °C.

The rest of the blood samples (19 ml) was diluted 1:2 in sterile PBS
(Sigma-Aldrich. St. Louis, USA), and layered over a cushion of 10 ml of
Histopaque-1.077 (Sigma-Aldrich. St. Louis, USA). After centrifugation,
the mononuclear cells (PBMCs) ring was collected, washed in PBS
(Sigma-Aldrich, St. Louis, USA), and resuspended in RPMI (Invitrogen,
Life Technologies, Carlsbad, CA, USA) supplemented with 10% FCS.
The PMNs layer was recovered and transferred into a sterile tube. Red
blood cells were lysed using ACK hypotonic solution. After centrifuga-
tion, the PMNs pellet was resuspended in RPMI (Invitrogen, Life
Technologies, Carlsbad, CA, USA) supplemented with 10% FCS.
Mononuclear and PMNs (5-8 x 10° cells) were lysed in TRIzol
(Invitrogen, Life Technologies, Carlsbad, CA, USA) and then stored at
—20 °C. The purity of PMNs and PBMCs was assessed by differential
count on cytospin samples stained with H&E. The percentage of purity
of isolated PMNs resulted 91%, whereas the one of PBMCs was 76%.
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2.5. RNA extraction (from tissues and from blood and milk cells)

Total RNA was extracted from all the samples lysed in TRIzol
(mammary tissues, MFG, milk and blood cells; mononuclear and PMN
cells) according to the manufacturer’s protocol (Sigma-Aldrich, St.
Louis, MO, USA). Finally, the RNA concentration and quality were
determined using a spectrophotometer (BioPhotometer, Eppendorf,
Hamburg, Germany) at 260/280 nm wavelength. The samples were
stored at —80 °C.

2.6. Mammary tissue RNA extraction and array hybridization

Total RNA was extracted from tissue samples as previously de-
scribed [37]. RNA quality and quantity were assessed by the Bioana-
lyser 2100 (Agilent, Santa Clara, CA, USA). RNA samples were hy-
bridized on a custom array (Combimatrix CustomArray 90K, Seattle,
WA, USA) following the protocols of the manufacturer. The hybridized
arrays were scanned with a GenePix 4000B microarray scanner (Axon,
Toronto, Canada) and the images were exported to the Microarray
Imager Software (CombiMatrix Corp., Mukilteo, WA, USA). Data were
extracted and loaded into the R software using the Limma analysis
package from Bioconductor. Systemic identification and grouping of
differentially expressed genes into biological networks were performed
using the software packages Ingenuity Pathway Analysis (Qiagen,
Hilden, Germany).

2.7. Reverse-transcription and real time PCR

Total RNA (1 pg) from each sample was reverse-transcribed using
the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA), according to the manufacturer’s instructions. The
cDNA obtained from each sample was used as a template for Real Time
PCR in an optimized 25 pl reaction volume in MicroAmp optical 96-well
plates, as previously described [37]. Goat IL-1R8 primers were designed
with Primer Express software (Applied Biosystems, Foster City, CA,
USA) based on the goat sequence variant 1 (G1:1062947811), but they
also recognize the variant 2 and 3 (GI1:1062947813 and GI:1062947815
respectively). In order to analyse the IL-1R8 gene expression we used
three reference genes: glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), ubiquitously expressed transcript (UXT) [38] and glucose-6-
phosphate dehydrogenase (G6PD) [39]. The primers for goat IL-1R8
target gene and for bovine GAPDH, bovine UXT and goat G6PD
housekeeping genes [36] were purchased from ThermoFisher Scientific
(Carlsbad, CA, USA). Bovine primers were used because they also
specifically recognize goat sequences of GAPDH (GI:1062975189) and
UXT (GI:926728962). Their sequences are listed in Table 1.

A duplicate no-template control (NTC) was also included in each
plate. Real Time quantitative PCR was carried out in the 7000 Sequence
Detection System (Applied Biosystems, Foster City, CA, USA) at the
following thermal cycle conditions, 10 min at 95°C followed by 40
cycles of 155 at 95 °C and 1 min at 60 °C. Quantitation was determined
after the application of an algorithm to the data analyzed by the soft-
ware of the 7000 Detection System (Applied Biosystems, Foster City,

Table 1
Primer list.

Primer Sequence (5-3’)

goat IL-1R8 for GGAGGTGGAGATGAACGACG
goat IL-1R8 rev GCTGCGGCTTCAGGATGA

goat G6PD for TGACCTATGGCAACCGATACAA
goat G6PD rev CCGCAAAAGACATCCAGGAT
bovine GAPDH for GGCGTGAACCACGAGAAGTATAA
bovine GAPDH rev CCCTCCACGATGCCAAAGT
bovine UXT for TGTGGCCCTTGGATATGGTT
bovine UXT rev GGTTGTCGCTGAGCTCTGTG
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CA, USA).

The expression of IL-1R8 gene was normalized using the calculated
GAPDH, UXT and G6PD average cDNA expression (mean) of the same
sample and run. Moreover, efficiency of the PCR assay was shown to be
100% for the IL-1R8 (slope = -3.3), 94.4% for the GAPDH
(slope = —3.46), 103% for the UXT (slope = —3.24) and 94.6% for the
G6PD (slope = —3,45) primer pairs. Qbase + software (Biogazelle,
Zwijnaarde, Belgium; www.gbaseplus.com) stability analysis suggested
the use of the 3 references genes. The most stable housekeeping gene
resulted to be GAPDH.

2.8. Sequence analysis

For the analysis of the goat IL-1R8 nucleotide sequence we used free
online Blast software (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and for
the phylogenetic tree building we used the free software on the http://
www.phylogeny.fr/simple_phylogeny.cgi website [40].

2.9. Statistical analysis

To compare the expression of IL-1R8 in the two experimental groups
(experimentally infected and control) in the immunohistochemistry
experiments we used the t Student (for normally distributed data;
Shapiro-Wilk test) or Mann-Whitney (for not normally distributed data;
Shapiro-Wilk test) test, considering statistically significant value of
p < 0.05.

To evaluate the significance of the IL-1R8 RNA messenger expres-
sion decrease in the infected mammary tissues compared to those six
healthy samples, we used the Mann-Whitney test, considering statisti-
cally significant value of p < 0.05.

To compare the expression of IL-1R8 in the two experimental groups
(naturally infected and healthy) of blood and milk cells and MFG, we
used the t Student test with Welch correction, considering statistically
significant value of p < 0.05.

For the biological function and network analysis, the p-value sig-
nificance calculated by right-tailed Fisher’s exact test was used.

3. Results
3.1. IL-1R8 nucleotide sequence is highly conserved among the species

IL-1R8 nucleotide sequence is conserved among domestic animal
species [12]. Here we further investigated the homology of IL-1R8
nucleotide sequence among a wider range of animals.

In the databases we found 3 predicted sequences of goat IL-1R8
messenger: variant 1 (GI: 1062947811), variant 2 (GI: 1062947813),
and variant 3 (GI: 1062947815). These records are derived from a
genomic sequence (NC_030836.1) annotated using gene prediction
method, Gnomon supported by mRNA and EST evidence.

Goat IL-1R8 variant 1 sequence is homologous to several sequences
of the NCBI database belonging to different species (some of them being
predicted from genomic sequences), showing a very high homology
with IL-1R8 sequence of sheep (99%; GI:965908719), cow (96%;
GI:982972360), water buffalo (96%; GI:594045006) and deer (95%;
GI:1187629608). A lower homology was found with sperm whale
(93%; GI:593759914), pig (91%; GI:937575883), killer whale (90%;
GI:821405233), camel (88%; GI:744624704), monk seal (88%;
GL:1212194754), leopard (86%; GI:1111234795), cat (85%;
GI:1304934644), human (85%; GI:205277450), macaque (85%;
GI:966983090), horse (84%; GI:1333567909), mouse (79%;
GI:142374281), chicken (69%; GI:313747564), zebrafish (68%;
GI:148356269) and xenopus (65%; G1:1062884104) sequences.

The alignment between the unique genomic sequence
(GI:1060061386) for goat IL-1R8 and the predicted mRNA variant 1
sequence, revealed that the gene of this molecule is located on goat
chromosome 29 and includes ten exons as described in human [41].
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Fig. 1. Phylogenetic tree of IL-1R8 mRNA.

Phylogenetic tree obtained after IL-1R8 mRNA sequences alignment of several
species, using the free software on the http://www.phylogeny.fr/
simple_phylogeny.cgi web site. This cladrogram represents a Neighbour-
joining tree without distances corrections (Dereeper A., Guignon V., Blanc G.,
Audic S., Buffet S., Chevenet F., Dufayard J.F., Guindon S., Lefort V., Lescot M.,
Claverie J.M., Gascuel O. Phylogeny.fr: robust phylogenetic analysis for the
non-specialist. Nucleic Acids Res. 2008 Jul 1;36(Web Server issue):W465-9.
Epub 2008 Apr 19).

Goat variant land 2 are very similar in length (1791 bp vs 1778 bp,
respectively) and nucleotide sequence (97% homology). The difference
is that exons 6 of variant 2 is shorter compared to the one of variant 1.
Variant 1 and 3 are 100% homologous from exon 2 to exon 10, but they
present a completely different exon 1.

The phylogenetic study confirmed that IL-1R8 is a conserved mo-
lecule, present from the amphibians to mammals. It is interesting to
note that IL-1R8 of ruminants (cattle, goat, sheep, deer, buffalo and
yak), pigs, camelids and cetaceans (dolphin and orca) has a strong
homology (Fig. 1). Goat IL-1R8 sequence shows a lower homology with
felines (leopard and cat), horse, bats, pinnipeds (seal and walrus), and
primates (humans, orangutan, and chimpanzees), but seems quite dis-
tant from mouse (Fig. 1). As expected the sequences of chicken and
xenopus were the farthest, still having some relationship with the
mammalian sequences, compared with the zebrafish one, that is the
outgroup, phylogenetically earlier developed (Fig. 1).

3.2. IL-18 is ubiquitously expressed in goat healthy organs and tissues

Given that no data on the expression of IL-1R8 in goat were avail-
able, we first studied the expression pattern of its messenger RNA by
gPCR in a large panel of organs and tissues from healthy animals.

As shown in Fig. 2 A, the mRNA expression level of IL-1R8 is very
high in the liver, similarly to cattle [37]. Lower levels of expression
were evident in the pancreas, kidney, lymph node, salivary gland,
thymus, spleen, jejunum, adrenal gland, gastro intestinal tract
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(abomasum small intestine, colon), trachea, mammary gland, caecum,
lung. The expression of IL-1R8 lowers in the following organs: omasum,
skin, rectum, heart, bladder and rumen. Very low levels of expression
were found in aorta, testis, bone marrow, CNS and esophagus.

Blood cells of healthy animals express discrete levels of IL-1R8
messenger, with a high variability among subjects (Fig. 2 B). In milk
samples from healthy animals, we observed lower levels of IL-1R8
mRNA expression, in both MFG (representing epithelial mammary
gland cells) and milk cells, compared to the blood cells (Fig. 2C).

3.3. S. aureus infection results in down-regulation of IL-1R8 in the udder

IL-1R8 plays an important role in the negative regulation of the
inflammatory response dependent on TLRs and ILRs activation. Given
that during clinical mastitis, major damage to the mammary tissue is
ascribed to the severe inflammation, we studied the modulation of IL-
1R8 in a previous experimental intra-mammary S. aureus infection
model [32]. Six goats without any signs of mastitis were inoculated
with the S. aureus in the left half udder and with sterile PBS, as control,
in the right half udder. Thirty hours post infection (pi), goats were
sacrificed and biopsies from both half udders (3 biopsies from each half
udder: superficial, mid and deep) were taken and preserved for mole-
cular and histological examinations [32].

IL-1R8 gene expression was analyzed by Real Time PCR in tissue
samples taken at the end of the trial. In all the animals we observed a
significant down-regulation of IL-1R8 in the infected udder tissue,
compared to the contralateral inoculated with PBS (Fig. 3A; p = 0.041).

The immunohistochemical analysis with anti-hIL-1R8 polyclonal
antibody on the same tissues demonstrated that, in the control tissues,
IL-1R8 is low to absent in the secretum (Fig. 3B) but is highly expressed
by ductal epithelial cells: an average of 50-75% of the ductal epithelial
cells resulted intensely positive (Fig. 3C and D; Supplementary Fig. 1).

In the infected tissues, vascular and acute inflammatory changes
were prominent, and the expression of IL-1R8 in ductal epithelial cells
was significantly down-modulated, both in terms of number of positive
cells and expression intensity of the positive cells (Fig. 3C and D;
Supplementary Fig. 1). The glandular epithelium didn’t show any
modulation in both infected and control udders, remaining slightly
positive (Fig. 3C and D; Supplementary Fig. 1). Interestingly, positivity
and intensity of IL-1R8 expression (p < 0.0001 and p < 0.0001 re-
spectively) of leukocyte infiltrating cells were significantly increased in
the infected tissues (Fig. 3C and D; Supplementary Fig. 1). The posi-
tivity of IL-1R8 expression (p = 0.0071) of antigen presenting cells was
significantly increased in the infected tissues (Fig. 3C). The secretum
didn’t show any modulation in both infected and control udders, re-
maining slightly positive (Fig. 3C and D). The PMNs remained negative
both in the control and infected udders.

Interestingly, the Ingenuity Upstream Regulator Analysis in IPA
predicts an increased activation of TLR4 pathway in the infected
compared to the control udders, with the activation of the IL-13 and
TNF production. The activation of this pathway leads directly or in-
directly to the increased expression of IL-18BP, ICAM1, S100A9, C3,
PTX3, SOD2 and EGRI1, seven of the top ten expressed genes (Fig. 4A)
[34]. In order to better understand the activated pathways involved in
the mammary gland response to S. aureus, we performed the Ingenuity
Upstream Regulator Analysis in IPA in the 3 goats with the highest SCC
count in milk. As shown in Fig. 4B the TLR4 pathway was confirmed to
be highly activated, involving MyD88, TRAF6, NF-kB and driving to the
production of IL-1f. This predicted pathway is based on the significant
statistical increased expression of several genes in the infected glands,
such as: CD14 (co-receptor of TLR4), CXCL8, CCL2, CXCL2, ICAM1,
NFKBIZ, NFKB1, NFKBIA, EGR1, ATF3, CSF3, IL-18BP (Fig. 4B).
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3.4. During natural S. aureus infection IL-1R8 is down-modulated in milk
fat globules

In order to study the modulation of IL-1R8 messenger in milk and
blood cells during S. aureus infection, we collected samples from
healthy and naturally infected goats. IL-1R8 was significantly down-
regulated in MFG of animals affected by S. aureus natural infection,
compared to MFG of healthy animals (p = 0.0025). Comparison of
blood and milk cells from animals positive to S. aureus to those from
healthy animals revealed that IL-1R8 mRNA was not modulated, al-
though a slightly trend of down-regulation seemed to be present during
infection in the circulating blood PMNs and mononuclear cells, and also
in milk cells (Fig. 5).

4. Discussion

Intra-mammary infections lead to the early activation of the innate
immune response. Specifically, MEC and leukocytes can sense microbes
through their PRRs and initiate an immune response to avoid infections.
Activation of the inflammatory response through PRRs is fundamental
to fight microorganisms because it leads to cellular responses including
activation of antimicrobial killing mechanisms, production of cytokines
and chemokines, maturation of antigen presenting cells, and the re-
cruitment of the adaptive immune response. On the other hand, pro-
longed and uncontrolled TLRs activation could be detrimental for the
tissues, resulting in an excessive inflammatory response with tissue
destruction and tissue repair leading to scar and loss of function. For
this reason, a complex multilayer network of mechanisms tightly reg-
ulates the activation of TLRs and ILRs at several levels by receptor
antagonists (IL-1RA), decoy receptors (IL-1R2 and IL-1R8), soluble re-
ceptors (sST2 and sTLR4), decoy signaling molecules (MyD88s and

IRAK-M) and miRNAs [42-44]. In the present study we focused on IL-
1R8, a member of ILIR/TLR family with a negative regulatory activity
on the other members of the family: TLR2, TLR4, TLR3, TLR7, TLR9, IL-
1R1, IL-18R [41]. Given that no data are available on goat IL-1R8, we
first searched for IL-1R8 transcript sequences in the data bases. We
found 3 predicted sequences, based on genomic sequences. As in human
the three sequences could represent 3 different alternatively spliced
variants. Indeed there is evidence of the existence of different isoforms
of IL-1R8 transcripts in different species, from human to cattle and
chicken, with different patterns of expression, cellular localization and
function [35,37,45,46].

The sequence of the variant 1was highly homologous to the IL-1R8
messenger of other species, confirming that this molecule is highly
conserved among animals. In particular, it showed high levels of
homology with other ruminants, pig, and cetaceans (=90%) compared
to other mammals, chicken, zebrafish and xenopus (from 65% to 88%).
Sheep proved the most homologous species with a 99% of IL-1R8
homology, followed by cattle, buffalo and deer. The multiple alignment
of IL-1R8 sequence of different species confirmed, again, the con-
servation of the molecule, suggesting that an evolutionary pressure
aims to preserve its structure and function among the animals [12]. We
also observed a clear sequence homology between ruminants (cow,
goat, sheep, deer, and buffalo) and cetaceans (killer whale and sperm
whale) based on the phylogenetic analysis of IL-1R8 sequence. The
close relation between the order Cetacea (whales, dolphins) and the
order Artiodactyla (cows, camels, and pigs) was previously demon-
strated by paleontological [47], morphological [48] and molecular [49]
studies, so that Graur et al. [49] proposed a Ruminantia/Cetacea clade.

The goat IL-1R8 gene is contained in chromosome 29 and en-
compasses 10 exons, similarly to humans, whereas mouse gene includes
9 exons [41].



J. Filipe, et al.

not infected udder

A

5000+ p=0.041

4000+

3000

Comparative Immunology, Microbiology and Infectious Diseases 66 (2019) 101339

infected udder

o
%

2000

IL-1R8 mRNA expression (AU)

10004

0 T
& &
& &
R &
(\O
p<0.0001 p<0.0001 p=0.0071 p<0.0001 p<0.0001 | 4534 .
— —_ — — @ notinfected
@ infected
) e3
S o
) ]
o 22
2 7]
3 5
7]
g £ i i
0
9
,\o& .\\)@ & & N
& & @ & <
3 & & 9 3 o)
N N ) Q N
) Q Q & N &
\? \ Q & &
v X2 \é @ &
W R & %) Q¢
Q QO o (3
X R &
) N (&\Q

Fig. 3. Modulation of IL-1R8 expression during experimental S. aureus intramammary infection.

Six healthy goats were experimentally infected in the left udder with S. aureus, whereas the contralateral udder was infused with sterile PBS as control. Thirty hours
post infection the animals were sacrificed and biopsies were taken from both udders. A) IL-1R8 mRNA expression of healthy (PBS) and infected udders was
investigated by qPCR. The gene expression level of the target gene was normalized to GAPDH and the results are presented as Arbitrary Units (AU). The samples from
the two udders of the same animal are linked. Mann-Whitney test. B) Immunohistochemistry of IL-1R8 in control (upper and lower panel magnification 10x) and
infected udders (upper and lower panel magnification 20x). In the two upper panels the ductal epithelium is shown; in the lower left panel the secretum is shown and
in the lower right panel the parenchyma is shown. C) Immunohistochemistry positivity score graphs (0.5= < 25%; 1 = 25-50%; 2 = 50-75%; 3 = > 75% of
positive cells). Student’s T or Mann-Whitney test. D) Immunohistochemistry intensity score graphs (0.5 = weak; 1 = slight; 2 = moderate; 3 = intense). Student’s T

or Mann-Whitney test.

We also investigated the pattern of expression of the molecule in a
large panel of healthy goat tissues and organs. The expression of IL-1R8
in goat tissues is ubiquitous with very high levels in pancreas, followed
by mammary gland and lymphoid organs (spleen and lymph nodes).
The ubiquitous pattern (organs with an important epithelial component
and lymphoid organs) of expression was already described in other
species, but each species seems to have a peculiar pattern that maybe
due to the different pathogen environment pressures [12]. The high
expression of IL-1R8 in goat pancreas was already described in cattle
and chicken [35,37]. Differently, other animals show the highest ex-
pression level in kidney (mouse, pig, dog) and liver (human) [12,14].
The high expression of IL-1R8 in caprine mammary gland suggests its
protective role aimed to control the inflammation in an organ con-
tinuously exposed to microorganisms. The low expression of IL-1R8 in

MFG confirms the immunohistological results, where the most intense
and abundant positivity was observed in ductal epithelial cells com-
pared to glandular epithelial cells. This is the region in the udder where
ductal cells are constantly challenged by environmental and commensal
microorganisms and do not have to trigger an inflammatory response.

The expression of IL-1R8 was locally downregulated both after ex-
perimental and natural infection respectively in ductal epithelial cells
and MFG. The down-modulation of IL-1R8 is in agreement with pre-
vious data [14,17,27,50]. Interestingly, we observed an up-regulation
in the expression of the receptor in leukocytes infiltrating the infected
tissues (mainly macrophages or DCs). The up-regulation of IL-1R8 in
macrophages and DCs could impair the innate immune response in the
udder against S. aureus, leading to a failed clearance of the pathogen,
the establishment of a chronic infection and severe tissue damage. The
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Fig. 4. Ingenuity Upstream Regulator Analysis in IPA.

A) Ingenuity Upstream Regulator Analysis comparing infected udders vs control udders. B) Ingenuity Upstream Regulator Analysis comparing infected udders vs

control udders only of the 3 goats with the highest SCC count in milk.

upregulation of IL-1R8 by microorganisms has been already demon-
strated previously [51]. The up-regulation of IL-1R8 could be directly
caused by the pathogen as a strategy to escape the immune system or
indirectly by the effect of inflammatory mediators induced by the S.
aureus (IL-10, prostaglandins).

The IPA analysis predicted the activation of TLR4 pathway in the
infected tissues compared to the controls. The activation of TLR4
pathway involves the activation of signaling molecules (MyD88 and
TRAF6), transcription factors such as NFkB and inflammatory related
molecules such as cytokines (IL-13 and TNFa), adhesion molecules
(ICAM), chemokines (CXCL8, CCL2, CXCL2), pentraxins (PTX3) and
complement family members (C3). This activation could be partly due
to the downregulation of IL-1R8 in epithelial cells [37].

Blood mononuclear cells

5. Conclusions

Our results suggest an important role of IL-1R8 in the response of
mammary gland to S. aureus infection. Indeed, it could represent a
target for an immunotherapy in the fight against mastitis allowing for
the reduction of antibiotic therapy. Further studies are needed to better
clarify the role of IL-1R8 in the mammary gland immune response and
accurately define which are the main stimuli and mechanisms that up-
regulate the orphan receptor in macrophages or DCs and downregulate
it in the epithelial cells.
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