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/Abstract

Toll-Like Receptors (TLRs) are a family of pattern recognition receptors that are an important link between innate and

~

adaptive immunity. In this study, we cloned all 10 porcine TLR genes. A large number of nonsynonymous Single Nucleotide Poly-
morphisms (SNPs) are possessed by the ectodomain of porcine TLR gene that codes sequences to increase pathogen recognition’s
variability in pig populations. Based on the foregone crystal structure of human TLRs and homologous modeling analysis, the
three-dimensional structures for the ECD of porcine TLR1-10 were predicted to understand the receptor-ligand interaction sites
and the regulation mechanisms of TLR signaling. All the TLRs proteins have a characteristic horseshoe-like solenoid structure;
a central B-sheet provided by the LxxLxLxxN motifs constitutes the concave and o helices or loops constitute the convex part
of the structure. The TLR transcripts from PAM cells treated by staphylococcal enterotoxin in vitro and PBMCs isolated from
staphylococcal enterotoxin intraperitoneal inoculation pigs were detected by qRT-PCR, the results indicated that cell surface TLRs
(TLR1/2/6/10) and endosomal TLRs (TLR3/7/8/9) might have distinct roles in response to extracellular staphylococcal entero-
toxins. The transcription levels of chemokine receptor CCR2 and cytokines (GM-CSF, TNF-o, MCP-1, IL-1) were up-regulated
after staphylococcal enterotoxin treatment. Our results showed that the porcine cell surface TLR1/2/6/10 play crucial roles in
modulates inflammatory responses to Super Antigens (SAG). It is important for further study on ligand specificity and signaling

\pathways of porcine TLRs.

J
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Introduction

Surface-localized Pattern Recognition Receptors (PRRs)
can mediate immune system and response to Pathogen-Associated
Molecular Patterns (PAMP) that ultimately burns typically results
in disease resistance. Toll-Like Receptors (TLRs) are the most
typical in families of PRRs. As of now, there are at least 15 TLRs
reported [1,2]. Ten human TLRs (TLR1-TLR10) have been clas-
sified and 12 in mouse (TLR1-9, TLR11-13). TLR14 and TLR15
have been found in mouse and chicken respectively. Report has
shown that human cells also express TLR 14 [3]. Toll encodes for a
type I integral membrane protein with a large N-terminal extracel-
lular domain consisting of a series of Leucine-Rich Repeats (LRRs)
flanked by cysteine-rich motifs. The cytoplasmic intracellular C-
terminal domain shares significant similarities with the mamma-
lian interleukin-1 receptor and thus is termed the Toll-Interleukin
Receptor (TIR) domain [4,5]. Extracellular domain recognizes
Pathogen Associated Molecular Parents (PAMPs); subtle changing

of its spatial structure can largely affect ligand recognition. N-ter-
minal cytoplasmic tail is consisted with Toll-IL-1 Receptor (TIR)
domain, the TIR signaling domains are highly conserved, which
assures stabilized signal transduction [6]. Sequence comparisons
indicate that all TLR family proteins have similar domain arrange-
ments, with a single transmembrane helix connecting the extracel-
lular ligand-binding domain to the intracellular signaling domain,
extracellular domain has remarkable homology variability, indi-
cating extracellular domain binds either directly to ligands or to
coreceptor-ligand complexes [7-9], and it mediates multimeriza-
tion of the receptor, launching a signaling cascade and activating
the innate and adaptive immune system [10,11]. TLR1, 2, 4, 5, 6
and 10 are cell-surface Toll-like receptors, primarily recognize mi-
crobial products [12,13], such as peptidoglycan, lipoteichoic acid.
TLR4 and TLRS recognize Lipopolysaccharide (LPS) and flagel-
lin respectively. TLR3, 7, 8 and 9 are located within the cytoplasm
whereas the bacterial and viral sensors [14], TLR3 recognize alien
double-stranded RNA, TLR7, 8 recognize single-stranded RNA,
and TLRY detects CpG oligodeoxynucleotide DNA. By binding
with ligands, TLRs form homodimer or heterodimer (most of them
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are homodimers except TLR1-TLR2, TLR2-TLR6 are heterodim-
ers), processing recruitment of these signaling adapters through
heterotypic TIR-TIR interactions [3,15,16].

Although significant progress has been built the function of
TLRs and their connecting with disease resistance and suscepti-
bility in man over the past few years [17,18], relatively little is
known about the contribution of TLRs to successful host defense
in porcine. The full-length cDNA sequences for all 10 porcine
TLR genes are obtainable in our lab; we observed species-specific
differences in recognition of TLR ligands such as single-stranded
RNA, bacterial DNA and flagella, these distinctions show the dif-
ferent selective pressure presumably on every host to become used
to pathogens and new surroundings. As the primary task towards
conducting detailed studies the function of TLR and the interac-
tions of host-pathogen in porcine, we have cloned the coding se-
quences of porcine TLRs 1-10. Crystal structure for porcine TLRs
is not yet available, but there are several proteins possessing do-
mains of sufficiently high homology, this enabled us to establish
models of the TLRs. Here, the TLR transcripts from PAM cells
treated by recombinant staphylococcal enterotoxin in vitro and
PBMCs isolated from staphylococcal enterotoxin intraperitoneal
injection pigs were performed to understand the response of TLRs
to super antigens.

Materials and Methods
Cells and Reagents

Porcine Alveolar Macrophages (PAM) cells used for this
study were originally isolated from 30-day PRRSV-negative pigs
provided by Tianjin Animal Center. /n vivo experiment, The PAM
cells obtained from 4-6 weeks’ healthy pig by bronchoalveolar
lavage after necropsy, using sterile 0.01 M PBS (0.2% EDTA,
pH7.0) lavages three times, utilizing 8 layers of gauze filters the
liquid,1500r/min centrifuge for 10 min, the pellet was washed two
times by sterile 0.01 M PBS, and then resuspended the cells by RP-
MI-1640 media containing 10% FBS, penicillin (100 U/mL) and
streptomycin (100 mg/mL) (Sigma, USA). Adjust the cell concen-
tration to 1x10° cells per mL and transfer to six well plate, incubate
the cells at 37°C in 5% CO, incubator. Harvest cells when cell con-
fluence rate reached 90%. All animal infection experimentations
were performed under conditions of the conventional animal care
facilities and reasonable regulations.

RNA Extraction and cDNA Synthesis

Total RNA was extracted from the harvest porcine PAM
cells using the RNeasy Mini Kit (Invitrogen, USA). RNA yield
and quality were measure by utilizing a Nanodrop ND-1000 spec-
trophotometer (Thermo, USA), cDNA was synthesized utilizing
Super Script TM III First-Strand system (Invitrogen, USA), The
amplification included an initial denaturing step in a reaction mix-
ture containing 0.5ug RNA, 50 mM oligo-dT ¢ primer and 10 mM
dNTP at 65°C for 5 min to denature RNA, and then, adding the
reverse transcription master mix to each sample to amplified target

genes in a 20ul reaction mixture that contains 1xFirst Strand buf-
fer, 10 mM DTT, 1 ml RNase OUT and 200 units of Superscript 11
RT. Reactions were incubated at 50°C for 1 h, followed by inacti-
vate the RT enzyme activity for 15min at 70°C.

Amplification and Cloning of Porcine TLRs 1-10 Genes

Primers used for porcine TLR1-10 coding region were de-
signed by Oligo7.0, synthesized by GENEWIZ (USA), as de-
scribed in (Table 1). 50uL. PCR reaction system: 2.5uL. cDNA
from total RNA reverse transcription as templates, 1puL HiFi
Taq DNA polymerase (Transgen, Beijing, China), SpL 10x PCR
buffer, SuL 2,5 mM dNTPs, 1pL10mM Forward primer and Re-
verse primer respectively. In order to amplify full length of Por-
cine TLRs, the method of Gradient PCR was used, temperature
cycling as follows:94°C5min, [94°C30 sec/53.5°C30sec/72°C30
sec]x5cycles (TLR1,2,4,5,6,10), [94°C30 sec/57°C30 sec/72°C30
sec] x5cycles(TLR3,7,8,9), [68°C2.5 min] x30cycles, 72°C10 for
minutes at end to allow complete elongation of all product DNA,
details of the specific PCR parameters for corresponding gene are
visible in (Table 1). Using TIANgel Midi Purification Kit (TIAN-
GEN, Beijing) purifies PCR products. PCR products were ligated
with the pEASY-T1 Vector System (Trans Gen Biotech, Beijing),
The plasmid containing pEASY-T1 gene was transformed into
competence Topl0 (Preserved by our laboratory), incubated at
37°C in Luria Bertani (LB) with Amp" for 14h, Plasmid DNA was
got by using a Fast Plasmid extraction kit (OMEGA), sequence
analysis completed by GENEWIZ (USA).

Bioinformatics Analysis of Porcine TLRs

Cloned TLRs sequences were analyzed by DNAMAN 8.0
and blasted in GenBank. Mega Blast was used to identify mam-
malian TLR nucleotide sequences within the non-redundant nucle-
otide database (http://www.ncbi.nlm.nih.gov/) by comparison with
porcine TLR sequence (Supplementary Table 1). Phylogenetic
tree was drawn to analyze the evolution history of TLRs. Signal P
4.1 Server-prediction (ExPASy Proteomics Server) (http://expay.
org) was employed to predict TLRs signal peptide. The Simple
Modular Architecture Research Tool (SMART) (http://smart.em-
bl-heidelberg.de/) and TMHMM Server v2.0 were used to analyze
the domain structure of TLRs.

TLRs 1-10 from mammalian species were collected from
GENBANK (Supplementary Table 1), multiple alignments of the
amino acid sequences for the full lengths, LRR sequences and TIR
sequences were performed by using MEGA. Evolutionary rate
heterogeneities of LRR and TIR domains within TLRs were es-
timated by the method of Norio Matsushima, 2012 [19]. Whether
the average genetic distance between pairs of LRR sequences is
meaningfully distinct from that of TIR sequences within likewise
TLR protein, the statistic used to estimate the genetic distances
between the LRR and the TIR in each of member of TLR member
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Homology Remodeling Analysis

To date, there are no crystallographic structures for porcine
TLRs, their ligand-binding mechanisms are poorly understood.
According to the templates, TLR1 (2Z27X), TLR2 (1SXT), TLR3
(2AQ3), TLR9 (30WE) provided by PDB database, tertiary struc-
tures of the TLRs have been simulated by homology modeling
function of Swiss Model (http://swissmodel.expasy.org/). Online
analysis software Predict Protein (https://www.predictprotein.
org/) and Swiss-Model (http://swissmodel.expasy.org) were sepa-
rately applied to predict secondary structure and tertiary structure
of porcine TLRs.

Transcription Change of TLRs on PAMs Stimulated by
Staphylococcal Enterotoxins

Recombinant staphylococcal enterotoxins, rSEK, rSEO were
purified as previously described [20]. The PAM cells were isolated
from 4-6 weeks’ healthy pig, and seeded in 96-well cell plates at
1x10° cells/well in 10% FCS-RPMI-1640 (Gibco, USA). The su-
per antigenic effect was explored by treating PAM cells with 100
ng/mL of rSEO, rSEK and natural SEA, PHA (10 ng/mL) as posi-
tive control, and PBS buffer as blank control. Four replicates were
set for each group with at least three times repeating.

The designated SEs were injected into the 4-6 weeks’ healthy
pig at a dose of 20 ng/kg through intraperitoneal injection and 3 pigs
in each group got same treat for repeat. The PBMC were collected
and isolated from those pig’s post-injection of 0, 24, 48 and 72 hrs.

Total RNAs were extracted from SEs stimulated PBMCs in
vivo and PAM cells in vitro by TRIZOL LS (Promega, USA) ac-
cording to the manufacture’s protocol, and reverse-transcripted

by Trans Script First-strand cDNA Synthesis kit (Trans Gen,
China). SYBR Green Master Mix (Vazyme) was used according
to the manufacturer’s instructions and the real-time PCR was per-
formed on a 7500 Real-time PCR system (Applied Biosystems,
Foster city, CA, USA). The real-time PCR results were analyzed
and expressed as relative expression of CT (threshold cycle) valu-
ing the 2-AACt method [20]. The primer pairs used for qRT-PCR
are as (Table 6).

Results
c¢DNA cloning of porcine TLRs

Specific primers used to clone full length of porcine TLR
genes are in (Table 1).
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Gene Primer Sequence (5°-3°) Accession No. Tm ('C) Size (bp)

TLR1 F- TACCCTTAGGAATGTCTACTGTTAC ABOSE376 530 2449
R-CCAAAAGCAGCAGAGGAATA )

F-ACGGTGTGCTGCAAGGTCAACTCTC
TLR2 NM213761 57.9 2433
R- ATAAAGACCAGCATCGGACCAAGACT

F-TTTCTGCTCTCTAACTACAACC XMO005671739 53.0 2761
R-CTTAATGTACTGAATTTCTGGAAC

F-ATGCTTTCTCCGGGTCACTTCT
TLR4 AB188301 55.7 2567
R-TTAAGTGAAGGCTGTTGTATCATGC

F-TATCAGGATCATGGGAGACT *
TLRS FJ754217 54.7 2581
R-CTAGGAGATGGTCACGCTT

TLR6 F-ATGAGCAAAGACAAAGAACCTAC AB208698 529 2394
R-TTTTTAAGTTTTCACATCATCCTC )

TLR7 F-TGGTTTTTCCAGTGTGGACG AB086188.1 553 3191
R- TCCCCTTGGTTAAGTTAGGC
TLRS F-ATGACCCTTCACTT-TTTGCTCCTGACCT AB092975 578 3113
R-GAACCACGACCAAACA-TCACCGAGGA
F-GCACCCTGCACCCCCTTTCTCTCCT
TLR9 AB07139%4 63.7 3097
R-TGGGCTGTCACTCAGTGCTATTCGG
F-CAGAATTACAATGAAACTTATCAGAAGC

TLR10 AB219565 53.8 2451
R-GGGCTTTATAGGCAGTCTGTTTTT

Table 1: Sequence of PCR Primers for Cloning of Porcine TLRs.

TLR3

In gradient PCR cDNA from PAM total RNA served as templates, PCR product from each gene was cloned and two clones per
gene were sequenced and registered in GenBank, the accession number of each TLRs are in (Table 2), blast results show a high homol-
ogy with the sequences released in Gen Bank.

Gene D N“cle"ﬁ‘:ﬁ/o';"m""’gy (G‘,ZC) Amino Homology (%) | ORF(n) a‘c‘i‘(;‘i(';‘;) D';ii,d(ilc(gg) Leu (%)
TLR1 | KF019632 99.43 415 98.62 2391 796 91.1 14.32
TLR2 | KF460452 99.51 46.9 99.11 2358 785 89.6 15.03
TLR3 | KT735340 99.96 474 99.89 2717 905 99.55 16.9
TLR4 | KF460453 99.53 44.5 99.29 2526 841 96.3 16.05
TLRS | KF019633 99.46 48.4 99.65 2571 856 92.7 18.01
TLR6 | KF019634 99.87 40.1 99.87 2391 796 91.4 14.32
TLR7 | KT735339 99.81 477 99.52 3153 1050 115.5 16.29
TLRS | KF019635 99.42 432 99.32 3087 1028 118.8 15.86
TLR9 | KF155478 99.58 62.8 99.51 3093 1030 115.9 15.04
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TLR10 KF019636 99.92 394

99.75 2436 811 94.2 18.74

Table 2: Sequence characteristics analysis of porcine TLR1-10.

Bioinformatics Analysis

Signal P 4.1 Server-prediction and TMHMM Server v2.0 analysis results display that all of these TLRs have signal peptides, ex-
tracellular region, transmembrane region and intracellular region (Table 3).

Genes LRRs Number of LRRs Signal peptide Ectodomain | Transmembrane TIR
TLR1 7 1-26 1-585 586-608 609-796
TLR2 4 1-21 1-588 589-611 612-785
TLR3 17 1-29 1-728 729-751 778-927
TLR4 13 1-23 1-638 639-661 662-841
TLR5 7 1-19 1-642 643-665 666-856
TLR6 5 1-23 1-586 587-609 610-796
TLR7 15 1-27 1-835 844-866 891-1049
TLRS 13 1-19 1-814 815-837 838-1028
TLR9 16 1-24 1-816 817-835 836-1030
TLR10 5 1-19 1-576 577-599 600-811

Table 3: Structural Features of Porcine TLR Protein.

he simple modular architecture research tool (SMART) was
employed to predict the domain structure of porcine TLR1-10,
(Figure 1) is the schematic diagram defined by SMART, the result
indicates that porcine TLRs consistent of transmembrane domain,
TIR domain of the intracellular region and LRR domains of the ex-
tracellular region, which is correspond to currently known protein
structure characteristics of TLRs family [21,22].
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Figure 1: Schematic Diagram Domains Structure of Porcine TLR1-10.

The domain organization of TLRs was predicted by using
the SMART program analysis. The GenBank accession numbers
of TLR sequences used for comparison are listed in (Table 3). TIR:
Toll/IL-1 receptor; TM: transmembrane domain; LRR: Leucine-
rich repeat; NT: N terminal; CT: C-terminal; Black vertical line
marking: Amino acid mutation.

The multiple alignments showed that the numbers of LRR re-
peats in the 10 TLR’s are 8 in TLR1, 7 in TLR2, 18 in TLR3, 14 in

TLR4,11inTLRS5,6inTLR6,17inTLR7,16in TLRS, 17in TLRY,
6in TLR10. Endosomal TLRs have more LRR than cell surface ex-
pressed TLRs, and studies also showed that cell surface expressed
TLRs tend to be more prone to positive selection than endosomal
TLRs [23,24]. Pedro J Esteves’ study shown that endosomal TLRs
and cell surface expressed TLRs display different patterns of mo-
lecular evolution due to the different nature of the PAMPs they rec-
ognize [23]. TLRs that exist on the cell surface have a more flexible
evolution and easily tolerate non-synonymous mutations which,
in some circumstances, can be subject to positive selection [25].

Pairwise genetic distances were compared between the LRR
domain and the TIR domain of 7 species, indicating the LRR do-
mains evolved significantly more rapidly than did the correspond-
ing TIR domains. The evolutionary rates of the LRR domain also
differ considerably among these members of TLRs (Table 4).

Pairwise genetic distances
TLR Member
Arir_1rR p value
TLR1 -0.63 0.001
TLR2 -0.08 0.001
TLR3 -0.137 0.025
TLR4 -0.233 0.100
TLRS -0.133 0.012
TLR6 -0.023 0.022
TLR7 -0.013 0.005
TLR8 -0.067 0.034
TLRY -0.363 0.016
TLR10 -0.003 0.001

Table 4: Average differences in genetic distances, Ag_rar At_rar
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valuesinTLRs1,2,3,4,5,6,7,8,9,10, Aqp_1gr Srr_rge isthe average of pairwise genetic distances between LRR domain and TIR domain in TLRs.

TLRs 3, 7, 8 and 9 recognize viral nucleic acids, which needs to avoid reaction against self-derived nucleic acids, this delicate
trade-off might constrain the evolution of TLR3 and TLR7 [26], although such a point of view does not reasonably explain the faster
evolution of the LRR domain in TLR8 and TLRO [19].

Evolution of Mammalian TLR Gene

The TLR1-10 amino acid sequences from dog, bovine, pig, man and ovine, and TLR1-9 of mouse, were used to calculate the
evolutionary relationships between the TLR genes (Table 5).

Gene Nonsynonymous- Synony.mous Nucleotide al- Amino acids
mutation mutations leles
Alleles Feature Nature change
TLRI 11(7/4) 3(2/1) 76 T/C 26 S/P P/NP Hydrophilic / hydrophobic
374 A/T 125 H/L +/NP Alkaline / hydrophobic
671 G/A 224 S/N P/P -
932 C/T 3ITANV NP/NP -
1036 C/G 346 L/V NP/NP -
1160 G/A 387 R/Q +/P Alkaline / neutral
1196 A/G 399 K/R ++ -
1337 G/A 446 C/Y P/P -
1370 A/G 457 H/R ++ -
1613 G/A 538 G/D P/- Neutral / acidic
1652 C/T 551 ANV NP/NP -
TLR2 7(2/5) | 5(1/4) 427G/A 143 A/T NP/P Hydrophobic / neutral
490 C/G 164 P/A NP/NP -
742A/C 248 H/P +/NP Alkaline / hydrophobic
745 T/A 249 C/S P/P -
886 C/T 296 L/F NP/NP -
1853 G/A 618 C/Y P/P -
2233A/G 745 T/A P/NP Neutral / hydrophobic
TLR4 6(3/3) 6(4/2) 459 T/G 153 N/K P/+ Neutral / Alkaline
575 A/G 192 H/R ++ -
611A/T 204 H/'L +/NP Alkaline / hydrophobic
763 G/A 255 V/1 NP/NP -
949 A/G 317 S/G P/P -
962 A/G 321 H/R ++ -
TLRS 3(2/1) 11(0/11) 169 A/G 571V NP/NP -
1205 C/T 402 P/L NP/NP -
1442 A/G 481 E/G -/P Acidic / neutral
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TLR6 1(0/1) 2(1/1) 206 T/C 69 L/P NP/NP -
TLRS8 7(5/2) 11(7/4) 140 C/A 47 T/N P/P -
334 A/C 178 E/D -/- -
570 A/T 190 L/F NP/NP -
843 T/C 278 AJE NP/- Hydrophobic / acidic
963T/A 321 E/N -/P Acidic / neutral
1571 G/A 524 C/Y P/P -
2342 G/A 781 R/K +/+ -

TLR9 6(1/5) | 6(5/1) 64A/G 22 T/A P/NP Neutral/ hydrophobic
325 T/C 109 C/R P/+ Neutral / Alkaline
898G/A 300 A/T NP/P Hydrophobic / neutral

1010 A/G 337K/S +/P Alkaline / neutral
1011 G/C 337 K/S +/P Alkaline / neutral
3044 G/A 1015 R/H +/+ -

TLR10 2(1/1) | 0 724A/G 242 T/A P/NP Neutral / hydrophobic
1648T/C 550 S/P P/NP Neutral / hydrophobic

Table 5: Nonsynonymous Mutations in Eight Porcine TLR Genes.

The split network approach was chosen as the tool to evaluate phylogenetic relationships between TLR gene sequences because it
can represent incompatibilities within and between data sets [27]. The inferred TLR phylogenetic network was quite well resolved and
tree-like. Results indicate that amino acid homology among porcine TLR1, 2, 4,5, 6, 8,9, 10 and cattle TLR1, horse TLR2, cattle TLR4,
sheep TLRS, sheep TLR6, cattle TLRS, horse TLRY, cattle TLR10 was 84.42%, 82.04%, 80.62%, 80.77%, 83.56%, 79.67%, 86.23%,
83.99% respectively. TLR3 shares a high identity with horse and bovine, among TLRs family, TLR7 is more conserved than others. Por-
cine TLRs have a high sequence identity(79.67%~85.05%) with their cattle counterparts, the next is sheep and horse, 77.26%~84.95%
and 74.85%~86.23% respectively, porcine TLRs and human sequence identity is between 98.0%~99.6%, porcine TLRs and mouse have
the lowest percentage of amino acid homology, between 63.26%~74.35%.These results illustrate that TLRs gene appeared to be evolu-
tionarily conserved and possesses species-specificity, TLR9 is the most conserved (sequence identity 86.23%), whilst TLR4, 5, 8 exhibit
high species-specificity (sequence identity 80.62%, 80.77%, 79.67% respectively). Phylogenetic tree was obtained by MEGA?7.0, using
neighbor-joining method. ITOL is used to prune the tree (http://itol.embl.de/).The inferred TLR phylogenetic tree was showed in (Table
6 and Figure 2).
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Figure 2: Phylogenetic Tree of Mammalian TLRs Based On 69 Amino Acid Sequences of TLR1-10 From Sheep, Cow, Pig, Man, Dog and Mouse.

The edges are labeled with the percent bootstrap support attained in 1000 bootstrap replicates. The upper scale measures genetic
distance in substitutions per amino acid.

Genes Pig (%) Bovine (%) Ovine (%) Horse (%) Human (%) Dog (%) Mouse (%)
TLR1 100 84.42 77.26 79.65 77.51 80.15 72.36
TLR2 100 81.27 80.51 82.04 78.47 77.32 68.54
TLR3 100 86.41 85.75 87.40 83.54 85.08 77.46
TLR4 100 80.62 79.67 74.85 72.77 74.20 63.26
TLRS 100 79.72 80.77 - 77.27 69.20 69.27
TLR6 100 83.44 83.56 79.40 79.50 72.38 70.14
TLR7 100 90.67 90.86 87.05 84.48 87.24 77.90
TLRS 100 79.67 78.51 78.90 73.20 - 69.82
TLRY9 100 85.05 84.95 86.23 81.22 85.58 74.35
TLR10 100 83.99 80.30 - 80.27 82.61 -

Table 6: Overall Amino Acid Similarity of Porcine TLRs To Bovine, Sheep, Horse, Human and Mouse, Dog Expressed as A Percentage.

These TLR molecules were classified into 4 groups, including TLR2 family (TLR1, 2, 6, 10), TLR9 family (TLR7, 8, 9), TLR4,
TLR3, TLRS by phylogenetic tree analysis. The same type of TLR in different mammals shares a same clade, indicating that the differ-
ence of TLR subtype is greater than that among species. TLR 1, 6, 10 belong toTLR2 subfamily, TLR 3, 7, 8, 9 are in the same subgroup,
TLR 4 and TLR 5 are clustered separately in a sub group under the main mammal’s cluster.

Homology Modeling of Porcine Toll-Like Receptors 1-10

Homology modeling is an effective tool to predict protein tertiary structure since the lack of determined crystal structure, in or-
der to obtain 3D-structure of porcine TLRs, we used MODELLER9.16 coordinate the models, SAVES and Verify 3D was chosen to
evaluate our models, Chiron was applied to optimize the models. To predict the possible binding pockets, Pocket-Finder was used to
determine putative binding sites for ligands.

The result suggested that the same TLRs from different mammalians can be classified into a group since their high degree of
similarity; illustrating TLRs subtype’s differences are more remarkable than evolutionary diversities between species. The TLR2 sub-
family is composed of TLR1, 2, 6, 10 as their close evolutionary relationships. TLR 8 and TLRO consist of TLR9 subfamily. Whilst the
major TLR gene sub-families and the singletons TLR3, TLR4 and TLRS were well supported by the bootstrap value. TLR1 and TLR6
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sequences proved to be parallel edges, instead of single branches.
This may reflect the high homology between the TLR1 and TLR6
genes between different species.

The Extracellular Domains (ECD) of TLRs in complex with
their ligands take the form of M-shaped, which is composed ofalarge
semicircular N-terminal LRR domain and a smaller ellipsoidal C-
terminal LRR domain, the N-terminal including an irregular capping
region, a central B-sheet constituted by parallel B-strands provided
by the LxxLxLxxN motifs to form the concave of the horseshoe-
shaped ectodomain [5], the concave part of the structure contains
the central f sheet, and the convex part consists of parallel loops and
short 3, helices, random coils and other structures make up about
60 percent of TLRs overall structure. The dimeric crystal structure
of TLR1-TLR2, TLR2-TLR6, and TLR2-TLR10 is quite similar,
suggesting that they have a high evolutionary conservation [28].

Cell Membrane Surface TLRs

TLR1, 2,4, 5, 6 and 10, are located at the cell surface. TLR2
recognize an extensive range of ligands because of its collabora-
tion with other TLRs such as TLR1and TLR6 [29,30]. TLR2 can
recognize abundant ligands due to its modulation of heterodimeric
partners, the TLR2-TLR6 complex has binding sites of diacyl lipo-
peptides, whereas if its cooperator change to TLR1, TLR1-TLR2
complex can bind to triacyl lipopeptides, homodimerization of
TLR2also canrecruitligands to active the signaling without TLR 1 or
TLR6[31,32]. Homology model of TLR10 is similar to TLR2 [33].

In TLR1-TLR2 and TLR2-TLR6 complex, TLR2 is essen-
tial for the interaction with ligands, its lipid chains with carbons
make it have a strong binding affinity to diverse ligands, in TLR2,
structural changes of branched carbons and double bonds have
little interference with glycolipids interaction [34,35].

The arrangement of hydrogen bonds between glycerol and
the peptide backbone of the lipopeptides and the LRR loops of the
TLRs is a key factor of TLR heterodimerization. These hydrogen
bonds play a role as a bridge between TLR2 and TLR1/6, and they
also important for the stabilization of hydrophobic pocket of di-
merization interface. The amide-bound lipid chain with at least 8
carbons inserts into TLR2 hydrophobic pocket, facilitating TLR1-
TLR2 heterodimerization. The N-terminal cysteine have an auxil-
iary role in TLR2 ligands binding and dimerization, the N-terminal
cysteine is combined with lipid chains by the covalent bonds and
the sulfur side chain interacts with hydrophobic pocket of TLR2,
these bring the result of absolutely conserved N-terminal cysteine.

TLR2 is common activated by a wide variety of microbial
products apart from lipoproteins, including lipoteichoic acids, li-
pomannans, peptidoglycans, zymosans, phenol soluble modules,
and hyaluronans. The model shows that the overall shape of the
complex is resemblance to the letter M: The two N-terminal do-
mains stretch outward at opposite ends and the C-terminal domains
converge in the middle (Figure 3).

The extracellular domain of TLR4 forms homo-dimer which
recognizes LPS produced by gram negative bacteria [36], this func-
tion requires its co-receptor: myeloid differentiation-2(MD-2), a
secreted soluble glycoprotein protein. As other TLRs, TLR4 ho-
modimer is horseshoe-like shaped, MD-2 can bind to (about a third
of MD-2 but not the entirety) the concave surface of the complex,
other parts can bond to LPS. The interaction between TLR4 and
MD-2 is stable because it is mainly H-bond and Coulombic force-
terminal domain of TLR4 is negatively charged, while residues
from the central domain are mainly positively charged. PS binds to
the hydrophobic pocket of MD-2, and the MD-2-LPS complex is a
bridge between TLR4 homodimer by binding two different inter-
faces. TLR4-MD-2 dimerizes under the facilitating of lipid chains
and the phosphate domains, the lipid chains of LPS insert into the
hydrophobic pocket of MD-2, LPS interact with TLR4 simultane-
ously-terminal domain of TLR4 binds to hydrophobic residues of
MD-2 [37,38]. Research shows that five lipid chains of LPS binds
to MD-2 and the six-lipid chain interacts with a hydrophobic pock-
et of TLR4, extra chains can become obstacles between TLR4 and
MD-2 in consideration of steric hindrance. For the same reason,
the space volume of MD-2 pocket is limited; more lipid chains will
reduce the form of TLR4 dimerization (Figure 3d).
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Figures 3(a-e): Structural models and ligand-binding regions of TLR2-
TLR1/6/10 heterodimers and homodimers of TLR4/5. (a, b, ¢) TLR2-
TLR1/6/10 heterodimers, the ligand-binding regions are colored light
blue, light yellow. (d, ¢) TLR4, TLR5 homodimers, ligand-binding re-

gions are colored light blue.

TLRS binds to protein and bacterial flagella, initiating a sig-
naling cascade such as MyD88-dependent signaling and NF-kB,
which leads innate immune system to against flagellated bacte-
ria [39].TLRS LRR domain composes by an N-terminal B-hairpin
capping motif, 13 complete LRR modules (LRR13), and two resi-
dues from LRR14.The concave surface of horseshoe-like shape is
a B-sheet structure, which is built by two anti-parallel - strands
of N-terminal B-hairpin capping motif and 13 parallel - strands
of LRR modules, other parts of the concave surface is irregular
helices and extended structures (Figure 3e).

Endosomal TLRs
TLR3, 7, 8 and 9, are located primarily within the cytoplasm
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whereas the bacterial and fungal sensors. Positive stranded RNA
virus produces double stranded RNA (dsRNA) during their repli-
cation, TLR3 is responsible for recognizing these exogenous dsR-
NAs [39]. The length of exogenous RNA is minimum restricted for
binding to N-terminal and C-terminal LRRs of TLR3.The overall
structure of dsRNAs-induced TLR3 homodimer is similar to letter
M, although resembles TLR2-TLR4/6 complex, ligand-identifica-
tion mechanism is absolutely different. The dsSRNA ligand has two
binding sites on TLR3, the N-terminal LRR and the C-terminal
LRR, the distance between two binding sites is roughly four times
of helical turns of RNA, a probable explanation of RNA length
dependency in binding. Phosphate backbones of the dsRNA in-
teract with cationic residues of both termini of TLR3 [40], TLR3-
ECD surface proximal to the C -terminus also contains positively
charged residues, which is another binding site of dsSRNA ligands,
these two sites make TLR3 could bond two flanks of dsRNA. No-
tably, there is a potential binding site on the concave surface of
TLR3-ECD, but glycosylation may hinder dsRNA binding, TLR3
could regulate dsRNA binding whereby glycosylating (Figure 4).

a

b

Figure 4: Structure of endosomal TLRs. (a) TLR3-TLR3-dsRNA com-
plex, TLR3 is colored rainbow and dsRNA is colored sepia, possible
residues involved in the interaction are shown. (b) TLR7-TLR7 homodi-
mer, ligand-binding regions are colored light blue, possible CpG bind-
ing sites are shown, CpG DNA interacts with the insertion surface of the
horseshoe-like shape. (c,d) TLR8/9 homodimer, ligand-binding regions
are colored light blue.

TLR7, 8, 9 are the family of nucleic acids sensor, which is
expressed in ER and transport to endosomes, TLRs7, 8, and 9 are
intracellular organelles TLRs and recognize a wide range of mi-
crobial nucleic acids, specifically, TLR7, 8 recognize viral single
stranded RNA (ssRNA), while TLR9O is responsible for bacterial
DNA [41]. This family members contain a long insertion (coined
the “Z-loop”) between two of the central LRRs (LRR14 and 15).
The Asp residue of TLR7 family (TLR7, 8, 9) is highly conserved,
indicating the Asp residue has more pronounced function for TLR7
family. TLR7, 8, 9 have a ligand-binding region located spatially
around the Asp residue. In all TLR7, 8, 9 homodimer models, the
ssRNA or CpG DNA interacts with the insertion surface of the
horseshoe-like shape. (Figure 4) shows the homo-dimer of TLR1-
TLR7 and TLRS-TLRS [42].

Transcription Changes of TLRs and Cytokines in PAM
Cells Treated by Staphylococcus Enterotoxin

To explore the immune role of TLRs and cytokines during
pathogen invasion, transcript expression changes of each of the
TLRs and cytokines was confirmed in PAMs challenged with three
Staphylococcal Enterotoxins (rSEO, rSEK, SEA) (100 ng/mL) by
real-time PCR. The results indicate that extracellular TLR1/2/6/10
were indicative of a heightened ability to respond to staphylococcal
enterotoxins, whileendosomal TLRs(TLR3/7/8/9), TLR4and TLRS
were no significantly difference or slightly suppressed (p<0.05) on
PAM cells of staphylococcal enterotoxins stimulation (Figure 5A).
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Figures 5(A-B): The TLRs (A) and cytokines (B) transcription ratio of
different SE-stimulated PAMs in vitro. 100ng/mL SE-simulated (rSEO,
rSEK, SEA) PAMs were incubated for 48h, quantitative real time PCR
(qPCR) assays confirmed expression of TLR1-10 and all cytokines. The
GAPDH served as an internal control. Data shown is an average of n =3
biological replicates + standard error. Error bars represented the standard

deviations.

It can be seen from the (Figure 5B), the transcription of
GM-CSF and TNF-a was up-regulated in all enterotoxin treatment
cells. The transcription levels of chemokine receptor CCR2 and
inflammatory cytokines MCP-1 and IL-1p were upregulated in
the rSEK treatment cells. The result showed that staphylococcal
enterotoxins facilitated the expression of inflammatory cytokines
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and chemokine receptor on PAM cells.
TLRs and Cytokines Transcription Change in PBMCs of Staphylococcus Enterotoxin Inoculated Pigs

In the lack of validated antibodies against the porcine TLRs and cytokines, the quantitative real-time PCR was used to measure
TLR and cytokines expression on the PBMCs isolated from pigs inoculated the staphylococcal enterotoxins. Expression of TLR and
cytokine genes was normalized against GAPDH, which served as the control. Compared to non-inoculated control, the transcription
level of TLR1, 2, 6, 7, 10 were significantly upregulated (4 to 9-fold) in staphylococcal enterotoxin inoculated pigs, endosomal TLRs
(TLR3, 8, 9), membrane surface TLR4, 5 were only slightly rising (1-2 fold) post-inoculated from 24 h to 72h. Curiously, endosomal
TLR7 mRNA transcription in PBMCs have a 2 to 4-fold up-regulation. The transcription level of other membrane surface TLRs (TLR1,
2, 6, 10) were upregulated significantly in rSEO inoculation pigs, especially TLR6, indicating that rSEO activates innate immunity by
a TLR-dependent way, and TLR 1, 2, 6, and 10 may play a crucial role on recognizing and signal transduction to the staphylococcal
enterotoxin super antigen stimulation (Figure 6A).

On the whole, the transcription level of several inflammatory cytokines was elevated at a certain point in time, indicating that
enterotoxin rSEO can promote transcription of inflammatory cytokines in peripheral blood lymphocytes. As shown in (Figure 6B).
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Figures 6(A-B): Fold Change of Porcine TLRs (A) and Cytokines (B) Transcription over time in vivo.

Relative transcript abundance of TLRs 1-10 and five cytokines, GM-CSF, IL-1p, TNF-a, MCP-1 and CCR2 determined staphy-
lococcus enterotoxin injection pigs PBMC cell lines. 100 pg staphylococcus enterotoxin was injected into 30-day heath pig, isolated
PBMC cells at Oh, 24h, 48h, 72h, quantitative real time PCR (qPCR) assays confirmed expression of TLR1-10 and all cytokines. The
GAPDH served as an internal control. Data shown is an average of n = 3 biological replicates + standard error. Error bars represented
the standard deviations (Table 7).

Gene Primer Sequence (5°-3°) Accession No. Tm (°C) Product (bp)
TLRI F-TGTTTTCAAATTCAACCAG ABO086376 47.6 75
R-GGGTGGCACGAAAT
F-CTTCTCCCACTTCCGTCT NM213761
TLR2 53.2 127
R-GGTCCTGGTGTTCATTATCTT
F-CTTTTCCTTTCAATGGCTAA AB258451
TLR3 49.1 183
R-AGAGGAGAATCAGCGAGTG
F-GACGCCTTTGTTATCTACT AB188301
TLR4 52.5 242
R-TGGGCAATCTCATACTCA
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F-GCCTTCAACAAGATAAACA FI754217
TLRS 49.8 275
R-CCCAAGAAGAGAGTAGGTATG
F-CCTCAAGCATTTGGACCT AB208698
TLR6 51.1 313
R-AGCCAGTTGTAAACACCCTA
F-AAGTGGAAATTGCCCTCGTT DQ647699
TLR7 52.8 373
R-ATAGCCTTTGATCCGCAACA
F-GCTGCCGTTGTTAGAAGT AB092975
TLR8 52.0 406
R-CGGAAACTGCTGGAGTAATG
F-TTCACCTTGGACCTGTCT AB071394
TLR9 577 451
R-GGAAGAAGCGGAGATAGAG
F-GATCTGCCCTGGTATCTCA AB219565
TLR10 52.4 491
R-CAACATTTACGCCTATCCT
F-TGTTCTGCATGAGCTTTGTG M86725
IL-1B 55 358
R-TCTGGGTATGGCTTTCCTTAG
F-CTCCTGTGCCTGCTGCT X79416
MCP-1 55 282
R-TTCAAGGCTTCGGAGTTT
F-AGCCCTGAGCCTTCTAAAC AY 116504
GM-CSF 55 300
R-CAGTCAAAGGGGATGGTAA
F-CGTTGTAGCACAATGTCAAAGCC X57321
TNF-a 60 402
R-TTGCCCAGATTCAGCAAAGTCCA
F- AACATTCTGGTTACGCCTGT AB119271
CCR2 527 124
R- ATTCCCGAGTAGCAGACG
F-ATGACAACTTCGGCATCGT AF017079
GAPDH 573 196
R-CCAGTGAGCTTCCCGTTGAG

Table 7: Primers of Relative FQ-PCR for Detecting TLR1-10, and Immune Related Inflammatory Cytokines.

The transcription of chemokine receptor CCR2 is upregulated at PI 24 h, while other cytokines (TNF-a, IL-1f) transcription levels
increased to varying degrees post-inoculation 48 h or 72 h. The transcription of GM-CSF, and MCP-1 gradually increased with time and
reached the peak at PI 72 h. The results hints that the staphylococcal enterotoxin promoted the inflammatory cytokine expression and
upregulated chemokine receptor CCR2 expression on PBMC:s at early stage of stimulation.

Discussion

Toll-Like Receptors (TLRs) are type I transmembrane glycoproteins that recognize pathogenic microorganism by ligand binding,
arouse robust innate immune response. The recognition of Pathogen-Associated Molecular Patterns (PAMP) [43], such as nucleic acids
and structural components of viruses or bacteria is the foundation of this activation. A comparative study with other population, we use
SMART and LRR finder to predict the secondary structure of cloned porcine TLR1-10, result shows that the extracellular region these
TLRs contains 4-25 Leucine-Rich Repeat (LRR) domains, which plays a crucial role for the recognition of PAMP; transmembrane
domain is the anchor of TLRs; cytoplasmic Toll/Interleukin (IL)-1 Receptor (TIR) domain for the activation of downstream signaling
cascade. According to the phylogenetic tree, porcine TLRs are highly conserved in comparison with the pig and human genes, having
79-91% and 73-86% homology, respectively. TLRs also exhibit a high identity between the same species and different species but the
same TLR family members [44].

Sequence analysis suggests that porcine TLR7 is the most conserved gene in these mammals (80-98% identity), whilst TLR2 and
TLR4 are the most diversity, this is a consensus result with David M. Haig’s found in sheep [45]. the latent reason probably relates to
TLR2 and TLR4 have extreme ability of identifying diversified array of pathogenic ligands, with their co-receptors such as TLR6, MD-2,
TLR2 and TLR4 can also have the capacity to recognize products of virus, while TLR7 is responsible for detecting single-stranded viral
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RNA that may more conserved in structure. The “All-round” abil-
ity of TLR2 and TLR4 may compel them to be more diversity to
reply positive selection from changing pathogen challenge, but on
the other hand, the diverse ligands may expect to conserve the in-
teracting sites on TLR2 and TLR4, and this is contradictory [46].

Homologous modeling of porcine TLRs is based on the
foregone crystal structure of human TLRs, via using SAVES and
Verify 3D to evaluate our models, Chiron was chosen to optimize
the models. Results show all of porcine TLRs recognize ligands
by forming homodimer or heterodimer, their dimers demonstrate a
horseshoe-like shape, composed of 3, helices and B-strands. The
asparagine’s in the concave surface (also be defined as asparagine
ladder) play a role of support of the horseshoe-like shape. Threo-
nine, serine, and cysteine, which can donate hydrogens can be the
substitution of asparagine.

As their other mammalian counterparts, the structure of
porcine TLRs ectodomain can be classified into two types: TLR3,
5,7, 8, 9 own complete asparagine ladders, they were defined as
single domain structure TLRs. However, in the case of TLRI, 2,
4, 6, 10, their asparagine ladder was substituted with other amino
acids, dividing the ectodomain into three regions: N-terminal and
C-terminal and central region with discontinuous asparagine lad-
der (three-domain TLRs). Hydrophilic nucleic acids or proteins
mainly bind to TLRs with complete asparagine ladders, the struc-
ture of three-domain TLRs a large hydrophobic pocket between the
central and the C-terminal, this maybe the reason of three-domain
TLRs prefer to bind hydrophobic ligands.

Staphylococcus enterotoxin is a common etiologic agent
of possesses numerous virulence factors that manipulate host im-
munity through TLRs depended way. Toll-like receptor 2 is one
receptor in mice implicated in staphylococcus enterotoxin recogni-
tion [47]. Toll-like receptor 2 mRNA expression was significantly
increased after treatment with SEO in vivo. TLR1/6/10 has the
same trends as TLR2 did in vivo and in vitro, suggesting that not
only TLR2, and other TLRs in pigs might be participated in the
recognition of staphylococcus enterotoxins. Differences in relative
abundance may correlate to the sensitivity with which each TLR
recognizes staphylococcus enterotoxin. /n vitro experiments, when
PAMs were deal with three staphylococcus enterotoxins, the rela-
tive expression level of TLRs were different between cell surface
TLRs and endosomal TLRs, these individual differences in TLR
expression may reflect differences in the pathogen challenge ex-
perienced by different TLRs. To date, Transcripts from all 10 TLR
genes have been identified in only 4 mammalian species, human
being, mouse, cow and pig. This report is the first study to conduct
thorough sequence analysis of TLR transcripts from pig.

Although a recent study from our laboratory had examined
that staphylococcal enterotoxins can promote cytokines secretion,
including IL-2, IL-4, IL-6, TNF-a and IFN-y in mice [48]. These
our data indicate that that the expression levels of inflammatory
cytokines TNFa, IL-1B, MCP-1 and chemokine receptor CCR2

in PAM cells were upregulated. at varying degrees after different
SEs stimulated. The transcription level of GM-CSF, and inflamma-
tory cytokine MCP-1 in PBMCs were significantly up-regulated
after SE inoculation, which was involved in the super-antigenicity
of staphylococcal enterotoxins. TNF-a increased even more than
other cytokines. rSEK stimulation levels are generally higher than
other enterotoxins. MCP-1 is mainly recruitment of monocytes,
MCP-1 and its receptor CCR2 transcript levels were increased af-
ter SEs- stimulated at 72h, indicating that the secretion of MCP-1
was positively correlated with the efficiency of monocyte-derived
mononuclear cells.

In conclusion, we cloned full-length cDNA sequence of por-
cine TLRs, sequence alignment showed that porcine TLR sequenc-
es share high similarity to bovine, mouse and human genes. As
the lack of crystal structures for most TLR ligand-binding ectodo-
mains, homology modeling on the basis of the determined crystal
structures of TLR ectodomain extends the study of structure and
gives us insight into the way of understanding TLR signaling path-
ways and their effect on innate immunity. Real time PCR assays
were developed for each of the TLRs and these were used to quan-
tify expression within staphylococcus enterotoxin. Our study sug-
gesting that not only TLR2, and other TLRs (TLR1, 6, 10) in pigs
might be participated in the recognition of staphylococcus entero-
toxins which caused by infection of proinflammatory cytokines IL-
1B, TNF-a are the first to be activated, as the continued recruitment
of immune cells, GM-CSF stimulated granulocyte activation, and
finally activation of T cell proliferation, produce large amounts of
inflammatory cytokines, formed inflammation storm. Assays such
as these will be vital to improving our understanding of the early
events controlling immunological development in porcine.
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