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Abstract 17 

The inflammatory response of fish to LPS is subdued, attributed to absence of TLR4, a key 18 

pro-inflammatory receptor for LPS in mammals. Nevertheless, LPS is processed in fish in a 19 

T-independent manner and is a protective antigen in fish vaccines, yet pathways for 20 

processing LPS in fish remain to be elucidated. Here, we report that caspases and NOD-like 21 

receptor inflammasomes typically responsible for LPS recognition and processing in 22 

mammals lack critical domains or are absent in barramundi (Lates calcarifer). However, 23 

leucocyte integrins MAC-1 and LFA-1 induce pro-inflammatory cytokine expression post-24 

stimulation with LPS.  Moreover, MAC-1 and LFA-1 were detected on the surface of 25 

neutrophil- and lymphocyte-like cells respectively in the barramundi spleen by 26 

immunocytochemistry, and leucocytes displaying MAC-1 or LFA-1 bound to Factor X and 27 

ESM-1 respectively. Our results implicate MAC-1 and LFA-1 in immune processing of LPS in 28 

barramundi and potentially in antigen processing in fish.  29 

 30 

1 Introduction 31 

Teleost fish live in permanent contact with relatively high concentrations of bacteria 32 

compared with their terrestrial counterparts. A large-scale metagenomics survey by the Tara 33 

Oceans project identified that more than 90% of bacteria found in global oceans are gram-34 

negative (Sunagawa et al., 2015). With the exception of the Chloroflexi, all gram-negative 35 

bacteria are didermic, comprising an internal cytoplasmic membrane, a thin peptidoglycan 36 
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layer and an outer membrane comprising lipopolysaccharides (LPS) (Yi and Hackett, 2000). 37 

Consequently, fish epithelial and barrier surfaces are continuously exposed to LPS. LPS is 38 

typically divided into three structural sections: lipid A, core polysaccharide and repeating O-39 

antigen units (Lüderitz et al., 1982). The LPS lipid A, or endotoxin, is the region of LPS that 40 

is recognised by the innate immune system and is highly stimulatory, even at low doses 41 

(Miller et al., 2005). LPS recognition in mammals occurs primarily through the toll-like 42 

receptor (TLR) 4, which is present on an array of phagocytic immune cells including antigen-43 

presenting cells (APCs) (Poltorak et al., 1998). Briefly, the lipopolysaccharide binding protein 44 

(LBP) mediates the interaction between LPS on the bacterial cell surface and the 45 

glycoprotein CD14 on phagocytic cells (Wright et al., 1990). CD14 then concentrates LPS to 46 

facilitate its binding to the TLR4/myeloid differentiation protein 2 (MD-2), which in turn 47 

triggers the inflammatory cascade (Nagai et al., 2002). Lipid A is an essential component of 48 

gram-negative bacteria, but it is also highly variable, which can affect its detectability by the 49 

immune system (Miller et al., 2005). In fact, there seems to be a correlation between TLR4 50 

recognition of bacterial lipid A and the severity of a disease, with a lipid A poorly recognised 51 

by TLR4 more likely to cause severe disease (reviewed in (Miller et al., 2005). In mammals, 52 

including humans, lipid A encountered during infections of the bloodstream often causes 53 

endotoxic shock, a general inflammatory response which is characterised by fever, 54 

hypotension and eventually organ failures that can lead to death (Abbott et al., 2004). Fish, 55 

on the other hand, seem to be resistant to endotoxic shock caused by LPS (Iliev et al., 56 

2005b).  57 

 58 

Fish show an attenuated regulation of inflammatory cytokines using standard LPS dosages 59 

employed in mammalian models, or require approximately 1000 fold higher LPS 60 

concentrations to induce a response similar to that observed in mammals (reviewed in (Iliev 61 

et al., 2005b). Recently, advances in bioinformatics have established that TLR4 is absent 62 

from most of the published genomes and immune transcriptomes from teleost species 63 

(Boltana et al., 2011; Iliev et al., 2005b; Zoccola et al., 2017) and, that when present (in 64 

Danio rerio and Gobiocypris rarus for example), the other molecules necessary for 65 

recognition of LPS through TLR signalling (LBP, CD14, and MD-2) were absent and/or 66 

truncated, non-functional (Iliev et al., 2005b). However, there is evidence of LPS-induced 67 

cytokine production in fish (Goetz et al., 2004; Iliev et al., 2005a), which suggest that other 68 

molecules are likely involved in LPS recognition and processing in teleosts. In previous 69 

work, LPS stimulation induced TNFα transcription through the C-type lectin Mincle in 70 

barramundi, but seemed to induce IL-6 transcription through other molecular pathways 71 

(Zoccola et al., 2017). Thus, there is potential for alternative LPS receptor families, including 72 
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inflammatory caspases and leukocyte integrins, to be involved in barramundi leucocyte 73 

activation. 74 

 75 

Caspases are cysteine proteases that mediate cell death and inflammation in mammals 76 

(Sakamaki and Satou, 2009; Takle and Andersen, 2007). Caspases are composed of a 77 

CASc domain (comprised of a large p20 and a small p10 subunit), as well as a variable pro-78 

domain. Typically, in humans, caspases can be grouped into three sub-categories: cell 79 

death initiators, which possess a double death effector domain (DED) motif pro-domain or 80 

caspase activation and recruitment domain (CARD) motif pro-domain (caspase-2, -8, -9 and 81 

-10); cell death effectors, which only have a short pro-domain (caspase-3, -6 and -7); and 82 

inflammatory, which normally possess a CARD motif pro-domain (caspase-1, -4, -5, and -83 

12). Caspase-4/5, in conjunction with caspase-1/NOD-like receptor (NLR) inflammasomes, 84 

are potent contributors to pyroptosis (a type of cell death), mediating the activation of the 85 

inflammatory cytokine IL-1β (Baker et al., 2015; Schroder and Tschopp, 2010). Inflammatory 86 

caspases have also been shown to stimulate the transcription of nuclear factor-κB (NF-κB), 87 

which in turn promotes the transcription of other inflammatory cytokines such as interferons, 88 

tumour necrosis factors and interleukins (IL)-6 and -8 (Sollberger et al., 2014). 89 

 90 

Leukocyte integrins are transmembrane heterodimeric glycoproteins found on the surface of 91 

leukocytes and play a role in several cellular interactions associated with immune functions. 92 

The main integrins expressed on leucocytes, β2-integrins, are composed of a unique � 93 

subunit (CD11a, CD11b, CD11c or CD11d), which is non-covalently attached to a common 94 

β2 subunit (CD18) (Arnaout, 2016; Ingalls and Golenbock, 1995). Both CD11b/CD18 (MAC-95 

1) and CD11c/CD18 (p150/95) have been identified as LPS receptors in mammals (Ingalls 96 

and Golenbock, 1995; Wright and Jong, 1986). MAC-1 is the most abundant integrin on 97 

neutrophils and is also found on natural killer (NK) cells, fibrocytes, B- and T-cells, whereas 98 

p150/95 is primarily found on myeloid dendritic cells and macrophages, although it is also 99 

found on NK, B- and T-cells (Arnaout, 2016). Moreover, the identification of LPS binding 100 

sites on CD18 suggests that β2-integrins are able to directly bind and process LPS, 101 

translocating NF-κB to the nucleus and inducing inflammatory cytokine release (Ingalls and 102 

Golenbock, 1995; Wong et al., 2007; Wright and Jong, 1986). More specifically, MAC-1 has 103 

been shown to enable LPS uptake and subsequent inflammatory pathway activation 104 

independently of TLR-4 signalling (Scott and Billiar, 2008) and p150/95 has been shown to 105 

activate a cellular response after binding to LPS in a CD14-independant manner (Ingalls and 106 

Golenbock, 1995).  107 

 108 
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In the present study, putative barramundi caspases, NLRs and leukocyte integrins were 109 

investigated in the barramundi immune transcriptome (Zoccola et al., 2017). Barramundi 110 

inflammatory caspases and leukocyte integrins were identified and characterised, providing 111 

further insight into the processes underlying LPS recognition in Lates calcarifer.  112 

 113 

2 Methods 114 

2.1 Experimental animals and husbandry 115 

Barramundi (L. calcarifer) juveniles of approximately 30-50 g were obtained from Australian 116 

Native Finfish, Burpengary, Queensland and transported by road to the University of 117 

Queensland. Fish were acclimatised for 2 weeks in a recirculating system of eight 84 L 118 

cylindrical food-grade plastic tanks with individual aeration, all connected to a 260 L sump 119 

equipped with a protein skimmer and a bio-filter. The water temperature and the salinity 120 

were maintained at 28 ± 2°C and 15 parts per thousand (ppt) respectively. Water quality was 121 

checked regularly for ammonia, nitrite, nitrate and pH, and water exchanges were applied as 122 

required. Fish were fed to satiation twice daily with a commercial diet for barramundi (Ridley 123 

Aqua Feed). Fish were graded (segregated into different tanks by size) weekly to prevent 124 

cannibalism until they reached around 80-90 mm in size, after which they were distributed 125 

into their experimental groups.  126 

 127 

2.2 Bioinformatics analysis 128 

Using the previously generated and annotated barramundi immune transcriptome (Zoccola 129 

et al., 2017), several caspases, β2-integrins (both � and β subunits) and NLRs were 130 

identified by homology in barramundi through local Basic Local Alignment Search Tool 131 

(BLAST), using human, murine, crustacean and teleostean caspases sequences (Table S1, 132 

S2 and S3 for caspases, NLRs and integrins respectively). Phylogenetic relationships were 133 

inferred by maximum likelihood from alignments of barramundi cDNA sequences from the 134 

transcriptome, with human sequences listed in Table S1 for caspases and with the cDNA 135 

sequences listed in Table S3 for β2-integrins. Trees were inferred in MEGA6.06 using 136 

ClustalW nucleotide alignment (codon) and supported by 2000 bootstrap replicates. NLR 137 

phylogeny was performed using only the proteins’ NACHT domain, identified using the 138 

National Center for Biotechnology Information (NCBI) CD-search tool 139 

(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Only proteins with a nucleotide-140 

binding and oligomerization domain (NACHT domain) containing the conserved motif G-141 

(4X)-GK-(10X)-W at the N-terminus were used for phylogenetic analysis (Table S2), using 142 

the Minimum Evolution method with bootstrap replication (2000) in MEGA6.06, after 143 

ClustalW amino-acid alignment (Hughes, 2006). The protein domains were predicted using a 144 
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combination of SMART (http://smart.embl-heidelberg.de) and CD-search tool on the NCBI 145 

website, using each corresponding protein sequence. Functional categorisation for caspases 146 

was based on current literature on human and teleostean caspases (Sakamaki and Satou, 147 

2009; Takle and Andersen, 2007). 148 

 149 

2.3 Adhesion assay 150 

Following the identification of leukocyte integrins, a cell adhesion assay was performed to 151 

support the presence of MAC-1 and LFA-1 on barramundi cells. Leukocyte integrins share 152 

common ligands but fibronectin, ESM-1 and factor X were identified as specific ligands for 153 

the αD, αL and αM subunits respectively (Humphries et al., 2006; Johnson et al., 2009). 154 

Collagen was used as a positive control as it has been identified as a ligand for the αL, αM 155 

and αX subunits (Arnaout, 2016). Briefly, wells of a high-binding 96 well plate was coated 156 

overnight at 4°C with either 100 µL of 20 µg/mL fibronectin, ESM-1, factor X or collagen, or 157 

with 100 µL undiluted Poly-L-Lysine solution or 1% BSA as negative controls (all from 158 

Sigma). The wells were then washed three times in 1M phosphate buffer saline (PBS) 159 

before blocking for 1 h at 37°C with 1% bovine serum albumin (BSA) to prevent non-specific 160 

binding to the plastic. Half the wells containing ESM-1 and factor X were simultaneously 161 

incubated with antibodies specific for Integrin αM (ITGAM) and integrin αL (ITGAL) subunits 162 

respectively, as supplementary controls. After the wells were washed thrice in PBS, cells 163 

were isolated from spleen by passing the organ through a 100 µm mesh and subsequently 164 

washed in RPMI by centrifugation (300 x g, room temperature (RT), 5 min). The cells were 165 

then resuspended in RPMI at 106 cells/mL and seeded at 100 µL/well. After 1 h incubation at 166 

28°C, the wells were inverted to remove the media and non-adherent cells before being 167 

washed twice using 300 µL of ice-cold 1M PBS containing 1 mM CaCl2 and 1 mM MgCl2. 168 

The cells were then fixed and permeabilised using ice-cold methanol for 10 min at RT. After 169 

three washes in 1M PBS, the wells were stained at RT for 10 min using a crystal violet 170 

solution (0.5%w/v crystal violet in 20% ethanol). After three washes by immersion in 171 

deionised water, the crystal violet retained was dissolved using 150 µL of 100% methanol for 172 

15 min at RT and quantified by absorbance at 590 nm with a Fluostar Optima plate reader 173 

(BMG Labtech, Melbourne, Australia). 174 

 175 

2.4 Immunohistochemistry and fluorescent microscopy 176 

Glass coverslips were sterilised using ethanol and a flame, and were placed in each well of 177 

a 24-well plate. The coverslips were then coated overnight at 4°C with either 20 µg/mL 178 

fibronectin, ESM-1, factor X or collagen, or with undiluted Poly-L-Lysine or 1% BSA as 179 

negative controls. Spleens were homogenised into cell suspensions as previously described 180 

(Zoccola et al., 2017) and leucocytes were isolated on a Percoll gradient as adapted and 181 
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modified from Tumbol et al. (2009). Briefly, the cell suspension was layered over a 34%-51% 182 

discontinuous Percoll gradient and centrifuged for 30 min at RT (800 x g, acceleration 6, 183 

brake 0, Eppendorf 5810R). The buffy layer between the two Percoll densities was collected 184 

and washed twice in PBS by centrifugation (400 x g, acceleration 9, brake 9, RT, Eppendorf 185 

5810R), before being resuspended in L-15 with 5% heat inactivated barramundi serum and 186 

incubated in a 6-well plate overnight at 28°C. The next day, the 24-well plate containing the 187 

cover slips was washed thrice in PBS and blocked with 1% BSA at 37°C for 1 hour. Cells 188 

incubated overnight were washed in PBS to remove serum and concentration was adjusted 189 

to 2x106 cells/mL and the cells were plated into the 24-well plate. The plate was incubated 190 

for 4 hours at 28°C before the coverslips were fixed in PFA overnight at 4°C.  191 

The coverslips were then washed three times in PBS and permeabilised in Triton X for 3 min 192 

at RT, before being washed again thrice in PBS. Coverslips were then blocked in 1% BSA 193 

for 1 hour, and following a further wash in PBS, they were incubated with either rabbit-anti-194 

ITGAM or rabbit-anti-ITGAL primary antibodies at 1:100 or with PBS as a negative control 195 

for 4 hours at RT. After a further three PBS washes, coverslips were incubated with goat-196 

anti-rabbit IgG conjugated with Alexa Fluor 488 (1:500) in the dark at RT. After 1 h, DAPI 197 

was added at 5 µg/mL and the coverslips were incubated for a further 30 min for a total 198 

incubation time of 1 h 30 min.  199 

Coverslips were viewed with an Olympus BX41 epifluorescent microscope. Images were 200 

captured with an Olympus DP26/U-CMAD3 camera and optimised with the imaging software 201 

CellSens (Olympus Optical Co. Ltd, Japan).  202 

 203 

2.5 Inflammatory cytokine regulation assessed by qRT-PCR 204 

TNFα, IFN-α, NF-κB, IL-1β and IL-6 were chosen for assessment by qRT-PCR due to their 205 

inducible nature by LPS through processing by β-integrins (Ingalls and Golenbock, 1995; 206 

Wong et al., 2007; Wright and Jong, 1986). Spleens were sampled aseptically from healthy 207 

juvenile barramundi and a cell suspension was obtained as described above. Cells were 208 

incubated with LPS (E. coli 0111:B4) at 0.05 µg/mL for 1 h at 28°C. Blank controls consisted 209 

of cells alone, antibody controls consisted of cells incubated with 1 µg/mL of mouse anti-210 

ITGAM or mouse anti-ITGAL blocking antibody for 1 h at 28°C followed by a 1 h incubation 211 

with 0.05 µg/mL of LPS at 28°C. Positive controls consisted of cells incubated with 1 µg/mL 212 

of phorbol 12-myristate 13-acetate (PMA) for 1h at 28°C. Cells from all treatment groups 213 

were then harvested in RNAlater. For each sample, RNA was extracted using the RNeasy 214 

kit (Qiagen) according to the manufacturer’s instructions. Contaminating genomic DNA was 215 

removed by on-column digestion with the RNAse-Free DNAse set (Qiagen) and the resulting 216 

RNA was converted to cDNA from a total of 12 ng of starting RNA per sample using the 217 
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QuantiTect Reverse Transcription kit (Qiagen). Subsequently, the cDNA was used to assess 218 

the relative expression of TNFα, IFN-α, NF-κB, IL-1β and IL-6 by qRT-PCR, using 219 

elongation-factor-1-α and Syk as normalisers, as they present the most stable expression 220 

levels across treatments and presented similar efficiencies (within 10% of target genes and 221 

of each other), on a ABI-ViiA7 cycler (Applied Biosystems). The primers were designed to 222 

span across exons when possible to eliminate gDNA amplification (Table 1). After primary 223 

optimisation, only TNFα, NF-κB and IL-1β expression levels were assessed, as the primers 224 

for IFN-α and IL-6 could not be optimised to the template.  225 

 226 

2.6 Statistical analysis 227 

Prior to qRT-PCR analysis, the stability of the internal control genes was assessed and the 228 

relative expression for each gene was computed using the Relative Expression Software 229 

Tool (REST) (Pfaffl, 2001; Pfaffl et al., 2002; Schmittgen and Livak, 2008). Data from the 230 

adhesion assay were analysed using multiple T-tests in GraphPad Prism, with statistical 231 

significance determined using the Holm-Sidak method, with alpha = 0.05. Each row was 232 

analysed individually, without assuming a consistent SD. Data from qRT-PCR were 233 

analysed through REST.  234 

 235 

2.7 Ethics statement 236 

All animal work was conducted in accordance with Animal Care and Protection Act and the 237 

NHMRC Code of Practice. Work was conducted under the University of Queensland Animal 238 

Ethics Committee Approval No. NEWMA/078/15 “Understanding the early onset of adaptive 239 

immunity in fish.” 240 

 241 

3 Results 242 

Putative barramundi caspases were identified by homology and in most cases grouped 243 

clearly with their human counterpart (Figure 1). However, while some barramundi caspases 244 

had several isoforms (caspase 3 and caspase 2) the inflammatory caspase 4 and the 245 

differentiation caspase 14 were not identified in barramundi. Moreover, although identified by 246 

homology in barramundi, caspase 5 and caspase 9 were lacking a CARD pro-domain, thus 247 

differing from their human counterparts (Figure 1).  248 

 249 

Putative barramundi NLRs were identified by homology and grouped with their human and 250 

murine counterparts (Figure 2). Out of the three distinct NLR sub-families (nucleotide-251 

binding oligomerization domain (NOD), NLR family, pyrin domain containing (NLRP) and Ice 252 

protease-activating factor (IPAF)) (Schroder and Tschopp, 2010), only sequences coding for 253 
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protein from the NOD sub-family were identified in barramundi, with members from the 254 

NLRP and IPAF families lacking. Although most protein domains were conserved between 255 

human, mouse and barramundi NLRs, some mouse and barramundi proteins were lacking 256 

either the pyrin domain (PYD) or caspase activation and recruitment domain (CARD) at the 257 

N-terminus or were lacking leucine-rich repeat (LRR) domains at the C-terminus (Figure 2).  258 

 259 

Putative barramundi α- and β2-integrin subunits were identified by homology with their 260 

human, murine and teleost counterparts (Figure 3). Out of the four possible α subunits 261 

forming leukocyte integrins (D, M, L and X), only two were identified in barramundi: M 262 

(forming MAC-1) and L (forming LFA-1). Both include a Von Willebrand factor type A, which 263 

is required for metal ion ligand binding, and several β-propellor repeats. Moreover, the 264 

putative barramundi integrin αM identified was missing a transmembrane domain, which 265 

suggests that integrin αM may be secreted rather than membrane bound in barramundi.  266 

 267 

When incubated with substrates specific to the D, M and L α-sub-units, barramundi spleen 268 

leucocytes did not bind significantly to any of the negative controls or to fibronectin (specific 269 

substrate for integrin αD subunit) but did bind significantly to factor X and ESM-1 (specific 270 

substrates for integrin αM and L respectively) (Figure 4). Interestingly, when incubated with 271 

anti-ITGAM antibody, cells from barramundi spleen were more adherent to the integrin αM 272 

substrate factor X (Figure 4). Similarly, cells incubated with anti-ITGAL antibody were more 273 

adherent to integrin αL substrate ESM-1 (Figure 4). 274 

 275 

The numbers of barramundi spleen leucocytes bound to the positive control, collagen 276 

(specific substrate for integrin αM, L and X subunits), was also significantly higher than BSA-277 

coated control.  278 

 279 

When the adherent cells were observed by microscopy, the cells binding to Factor X were 280 

larger and more granular, resembling granulocytes whereas cells binding to ESM-1 were 281 

rounded and slightly smaller, resembling lymphocytes (Figure 5). 282 

 283 

To determine whether integrins might be involved in LPS recognition and response, a 284 

stimulation assay was conducted and the expression of a cohort of cytokines determined by 285 

qPCR. PMA (pro-inflammatory positive control) stimulation downregulated the expression of 286 

IL-1β but significantly upregulated the expression of TNFα and NF-κB (Figure 6). LPS 287 

stimulation, on the other hand, upregulated the expression of IL-1β but did not impact the 288 

expression of TNFα or NF-κB (Figure 6). In general pre-incubation with antibody did not 289 

significantly affect stimulation by PMA or LPS, with the exception of IL-1β, which was 290 
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significantly down regulated by PMA stimulation, but this was blocked by incubation with 291 

anti-ITGAL antibody (Figure 6A). 292 

 293 

4 Discussion 294 

Inflammatory caspases have recently been shown to recognise and process intracellular 295 

LPS in humans (caspase-4 and -5) and in mice (caspase-11), binding to LPS through their 296 

CARD domain (Baker et al., 2015; Shi et al., 2014). In barramundi, the inflammatory 297 

caspases -5 and -1 were identified, and grouped tightly with their human counterparts. 298 

However, the CARD domain from barramundi caspase-5 was lacking, suggesting a potential 299 

loss of function as CARD is necessary for LPS recognition and CARD oligomerisation is also 300 

necessary for caspase activation (Reis et al., 2012). Another way for caspases to recognise 301 

PAMPs is through the coupling of caspase-1 with other specific pattern recognition 302 

molecules (mostly NLRs) through their CARD domain, forming functional inflammasomes 303 

(Petrilli et al., 2007; Sollberger et al., 2014). As barramundi caspase-1 displayed a CARD 304 

pro-domain, inflammasomes were plausible actors in LPS recognition so NLRs and other 305 

inflammasome sensor proteins were subsequently investigated in barramundi. To date, 306 

there are six characterised NLR-inflammasomes, formed using six different NLRs: NLRP1, 307 

NLRP3, NLRP6, NLRP7, NLRP12 and NLRC4/IPAF (Latz et al., 2013; Schroder and 308 

Tschopp, 2010; Sollberger et al., 2014). Other molecules such as RIG-I, AIM2 and IFI16 309 

have also been described as inflammasome sensor proteins but recognise nucleic acid, 310 

rather than carbohydrate-based ligands such as LPS (Latz et al., 2013). None of the NLRs 311 

involved in inflammasomes were identified in L. calcarifer in the current study, suggesting 312 

that inflammasomes in barramundi are not involved in detecting LPS thereby implicating 313 

other pathways in LPS recognition in these fish. As inflammasomes typically trigger an 314 

inflammatory response, the lack of NLR inflammasomes in barramundi correlates with the 315 

weak inflammatory response observed in barramundi and other fish post-stimulation with 316 

LPS (Zoccola et al., 2015).  317 

Leukocyte integrins are found at the surface of white blood cells and are involved in 318 

pathogen recognition through conformational changes after activation by ligands (Harris et 319 

al., 2000). Out of the four possible genes coding for leukocyte integrin α-subunits, two were 320 

identified in barramundi: the subunit αM (CD11b) which forms MAC-1 and the subunit αL 321 

(CD11a) which forms LFA-1. Cells incubated with Factor X, a specific ligand for the integrin 322 

αM subunit (Humphries et al., 2006), bound significantly more to Factor X than to negative 323 

control substrates. This suggests that barramundi leucocytes express a protein that is 324 

conformationally similar to the αM subunit of MAC-1, hence able to bind to Factor X. The 325 

same was true for cells incubated with ESM-1, a specific ligand for the integrin αL subunit 326 

(Humphries et al., 2006), suggesting that barramundi leucocytes also produce a protein with 327 
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binding sites similar to the αL subunit of LFA-1. Incubation of spleen cells with anti-ITGAL or 328 

anti-ITGAM antibody increased adhesion of barramundi spleen cells to the corresponding 329 

substrates. The antibodies may activate β2-integrins by configurational change, increasing 330 

the molecules’ binding strength as previously reviewed (Gahmberg et al., 1998). Indeed, 331 

integrin αMβ2 (MAC-1) and αLβ2 (LFA-1) can assume two conformations, open (active) and 332 

closed (inactive), which differentially recognise ligands (Abram and Lowell, 2009; Harris et 333 

al., 2000). Changes in configuration are crucial to integrin function and can also influence 334 

avidity and affinity of the leucocyte integrin (Harris et al., 2000; Hogg et al., 1993), impacting 335 

adhesion to ligands, as detected in the adhesion assay reported here (Figure 4). Currently, 336 

two binding sites for LPS have been identified on the β2 chain of leucocyte integrins (Wong 337 

et al., 2007). Moreover, integrin αMβ2 has been shown to enable LPS recognition and 338 

activation independently of TLR4 (Scott and Billiar, 2008), and processes depending on 339 

MAC-1 activation have been shown to induce the inflammatory cytokine IL-1β’s expression 340 

(Fuhlbrigge et al., 1987; Scott and Billiar, 2008). When observed by fluorescence 341 

microscopy, most spleen cells that bound to Factor X expressed integrin αM (ITGAM) and 342 

resembled granulocytes, being larger and more granular than cells not expressing ITGAM, 343 

similarly to previous observations in peritoneal cells (Arnaout, 1990; Ghosn et al., 2008). 344 

Almost all cells that bound to ESM-1 expressed integrin αL (ITGAL) and were more rounded, 345 

resembling B- or T-lymphocytes (Arnaout, 2016). Considering that MAC-1 has recently been 346 

identified as a LPS receptor in mammals (Scott and Billiar, 2008), and that barramundi 347 

leucocytes express MAC-1, it is possible that LPS in barramundi is processed through MAC-348 

1. The expression of inflammatory cytokines following stimulation with LPS was thus 349 

investigated by qRT-PCR in barramundi spleen cells. Although the expression of IL-1β was 350 

higher in cells stimulated by LPS, it was not statistically significant within the power of this 351 

experiment, and LPS did not affect TNFα or NF-κB expression. Prior incubation with anti-352 

ITGAL and -ITGAM antibodies, however, activated integrins on barramundi splenocytes 353 

evidenced by significantly increased expression of IL-1β post-stimulation with LPS (Figure 354 

6A). Stimulation with PMA, on the other hand, bypasses cellular receptors and activates 355 

protein kinase C directly (Weiss et al., 1984). PMA resulted in downregulation of IL-1β and in 356 

consistently higher expression of the pro-inflammatory cytokine TNFα, as well as higher 357 

expression of NF-κB (Figure 6B-C) in barramundi splenocytes. Most likely, PMA stimulation 358 

thus activates inside-out integrin signalling, through receptors other than the integrin itself, 359 

resulting in integrin activation and increased binding strength (Abram and Lowell, 2009). 360 

Additionally, stimulation of a mixed leukocyte population with PMA upregulates the 361 

expression of TNFα (Schutte et al., 2009), which has been shown to activate NF-κB 362 

expression through integrin signalling (Kettritz et al., 2004). LPS, on the other hand, 363 

activates outside-in signalling, binding directly to the integrin receptor and activating 364 
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caspase-1, resulting in IL-1β upregulation but not impacting the expression of TNFα (Walzog 365 

et al., 1999). However, before integrins can act as receptors, they need to be activated, 366 

which was likely effected by incubation with ITGAL and ITGAM antibodies prior stimulation, 367 

supporting the difference in IL-1β regulation by LPS between pre-stimulated and control cells 368 

(Figure 6A).  369 

 370 

The C-type lectin Mincle was previously identified as a receptor for LPS in barramundi, but 371 

other unidentified receptors were also implicated in recognition of bacterial polysaccharides 372 

in perciform fish (Zoccola et al., 2017). In the current study, we show that that leucocyte 373 

integrins αMβ2 (MAC-1) and αLβ2 (LFA-1) are present on barramundi (L. calcarifer) 374 

leucocytes and play a role in LPS recognition and processing. The absence of some 375 

caspase CARD domains and NLRP is also indicative the inflammasome formation may not 376 

be possible in this species. Further investigation is therefore warranted amongst the 377 

teleostei to determine whether inflammasome formation arose later during vertebrate 378 

evolution.  379 
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Figure Legends 503 

Figure 1. Phylogenetic relationship between human and barramundi (in bold) 504 

caspases (A), linked with domain organisation of each corresponding protein (B) and 505 

functional categorisation based on literature (C). Yellow boxes correspond to a short 506 

pro-domain; Red boxes correspond to a DED (death-effector domain) protein domain; Blue 507 

boxes correspond to a CARD (caspase activation and recruitment domain) protein domain. 508 

 509 

Figure 2. Phylogenetic relationship between human, murine and barramundi (in bold) 510 

NLRs based on their NACHT domain. Protein domain organisation is depicted on the right 511 

of the phylogenetic tree. CARD: caspase activation and recruitment domain; NACHT: 512 

nucleotide-binding and oligomerization domain; LRR: leucine-rich repeat; PYR: pyrin 513 

domain; FISNA: Fish-specific NACHT associated domain ; BIR: baculoviral inhibition of 514 

apoptosis protein repeat domain; DMP1: Dentin matrix protein 1 ; FIIND: domain with 515 

function to find. 516 

 517 

Figure 3. Phylogenetic relationship between human, murine, teleost and barramundi 518 

(bold) α- and �2-integrin subunits. Protein domain organisation is depicted on the right of 519 

the phylogenetic tree. VWA: Von Willebrand factor type A; Tail: tail domain; Cyt: cytoplasmic 520 

domain. 521 

 522 

Figure 4. Adherence of barramundi spleen cells to different substrates. Significant 523 

differences between blank incubated and cells incubated wells are represented with * p < 524 

0.05, ** p < 0.01, *** p < 0.005 and **** p < 0.001. 525 

 526 

Figure 5. Micrographs of the cells adhering to each substrate, with DAPI stain (nucleic 527 

acid) shown in blue and ITGAM or ITGAL specific antibodies stain shown in green. 528 

 529 

Figure 6. Relative expression of IL-1β (A), TNFα (B) and NF-κB (C) in barramundi 530 

splenocytes after stimulation with PMA or LPS with or without pre-incubation with anti-ITGAL 531 

or anti-ITGAM antibody. Significant differences between control unstimulated cells gene 532 

expression and stimulated cells are represented with * p < 0.05, ** p < 0.01 and *** p < 533 

0.005. 534 

 535 

 536 
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