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Ulvan Activates Chicken Heterophils and Monocytes Through Toll-Like Receptor 2 and Toll-Like Receptor 4
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Responsiveness to invasive pathogens, clearance via the inflammatory response, and activation of appropriate acquired responses are all coordinated by innate host defenses. Toll-like receptor (TLR) ligands are potent immune-modulators with profound effects on the generation of adaptive immune responses. This property is being exploited in TLR-based vaccines and therapeutic agents in chickens. However, for administering the TLR agonist, all previous studies used in ovo, intra-muscular or intra-venous routes that cannot be performed in usual farming conditions, thus highlighting the need for TLR ligands that display systemic immune effects when given orally (per os). Here we have demonstrated that an ulvan extract of Ulva armoricana is able to activate avian heterophils and monocytes in vitro. Using specific inhibitors, we have evidenced that ulvan may be a new ligand for TLR2 and TLR4; and that they regulate heterophil activation in slightly different manner. Moreover, activation of heterophils as well as of monocytes leads to release pro-inflammatory cytokines, including interleukin1-β, interferon α and interferon γ, through pathways that we partly identified. Finally, when given per os to animals ulvan induces heterophils and monocytes to be activated in vivo thus leading to a transient release of pro-inflammatory cytokines with plasma concentrations returning toward baseline levels at day 3.
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INTRODUCTION

Over recent years, there has been an increase in the use of oral passive immunotherapy, in humans as well as in livestock, partly in both cases to reduce antibiotic therapy or prophylaxis. The crucial role and specificity of the innate immune response in driving and controlling adaptive immune responses to particular pathogens is now beginning to be understood and manipulated. It has been demonstrated that the Th1/Th2 paradigm applies in chicken (1). In the chicken, as in biomedical model species, Th1 cytokine response with interferon-gamma (IFNγ) release predominates in response to infection with intracellular pathogens like viruses, while Th2 cytokines such as interleukin 10 and 13 (IL10, IL13) are released in responses to infection with extracellular pathogens like bacteria. However, other cells than “classical” T cells have also recently been shown to produce IFNγ in response to vaccination against Newcastle disease in chickens (2). Cells of the avian innate immune system have been shown to recognize pathogens by pattern recognition receptors (PRR) that interact via pathogen associated molecular patterns (PAM). Toll-like receptor (TLR) ligands are potent immune-modulator with profound effects on the generation of adaptive immune responses. This property is being exploited in TLR-based vaccines and therapeutic agents in mammalian species and chickens (3). However, for administering the TLR agonist, all previous studies used in ovo, intra-muscular or intra-venous routes that cannot be performed in usual farming conditions, thus highlighting the need for TLR ligands that display systemic immune effects when given orally (per os).

Since some PRR ligands display polysaccharidic motifs (4) and since ulvans are polysaccharide chains with repeated motifs (5), we wondered whether ulvans may behave as chicken PRR agonist.

Therefore, the aim of the present study was to determine whether an ulvan extract of Ulva armoricana was able to activate avian heterophils and monocytes in vitro, to identify the PRR and the molecular pathways in the two cellular types and finally to determine whether a similar effect could be observed in vivo when given per os.

MATERIALS AND METHODS

Algal Extract

Green tide algae Ulva sp. was collected on the beach at Plestin les Grèves (Bretagne, France; 48° 39′ 28′′ N, 3° 37′ 47′′ W) in June 2012. The algae were washed in fresh water, drained, and deep frozen. For extraction, the algae were thawed; wet ground, and liquid and solid phases were separated as part of an industrial process (Patent No. FR 61909). The liquid was fractionated by tangential filtration (Tami Industries). The protein content was evidenced with the BCA method (6), neutral sugars according to Dubois'method (7), uronic acids according to Blumenkrantz's (8), sugar-bound sulfates with Azure A quantification (9). Fatty acids were quantified according to an in house method adapted of the European directive CE152/2009, with a sensitivity threshold of 0.5 g/100 g. Lipids were also extracted with CHCl3/MeOH (2/1; v/v) and the amount of palmitic acid was quantified using GC-FID (gas chromatography with flame ionization detector) according to Le Croizier et al. (10). Fatty acids were identified by comparing their retention time with the ones of commercial standards. Comparing the fatty acids area with the one of the internal standard (C23:0) allowed their amount to be determined. The monosaccharide composition was determined by gas chromatography of trimethylsilyl derivatives, after acid methanolysis (MeOH/HCl 3N mixture) for 4 h (11). The molecular weight distribution of the sample (2 mg/ml) was analyzed by size exclusion chromatography in 0.1 M sodium nitrate with 0.2% sodium azide at a flow rate of 0.5 ml/min. The Shodex OHpak SB-806M HQ columns in series and a multi-angle light scattering refractometer (Wyatt, three angles) with a dn/dc of 0.142 ml/g were used for detection. In parallel the samples were dissolved on 99.97% atome D2O and subjected to RMN proton analysis. The RMN proton spectrum was registered at 298K on a Bruker Avance 500 spectrometer with a inversed cryogenic probe 5 mm 1H/13C/15N TCI. The isotopic shifts were referenced with respect to an external standard (trimethylsilypropionic acid). No suppression of the HOD signal was performed. Lack of endotoxins was checked using the E-toxateTM kit (Sigma), the detection threshold of which was 0.01 endotoxins Units/ml (1 pg/ml). The ulvan extract was dissolved under sterile conditions by gentle agitation for 6 h at 70°C in D-PBS buffered with 10 mM HEPES, filtered on a 0.2 μM filter and the supernatant autoclaved. Further dilutions were performed using RPMI-1640 medium (2 g/l glucose) buffered with 10 mM HEPES.

Cell Isolation

Sterile peripheral blood was obtained during routine follow-up of 28 days of age animals using heparin (20 U/ml) as anti-coagulant. The poultry veterinarians of the research team assessed the sanitary status before each experiment. Animals were raised without the use of antibiotics or any immune system stimulating chemicals from birth until blood sampling; the last vaccine was performed no later than day 12 of life for return to baseline immune parameters before the experiment. Blood from three chickens was pooled for each in vitro and in vivo experiment and cells purified as previously described (12). Briefly, blood was mixed with 1% methylcellulose (Sigma) in a 1.5:1 ratio and centrifuged at 25 g for 15 min. The supernatant was removed and suspended in Hanks' balanced salt solution without calcium or magnesium in a 1:1 ratio (Sigma). The suspension was then layered over a 1.077/1.119 Histopaque gradient (Sigma) and centrifuged at 250 g for 60 min. After centrifugation, the 1.077/1.119 interface containing mononuclear cells and the 1.119 band containing heterophils were collected separately and washed twice in RPMI-1,640 medium (2 g/l glucose, Sigma) supplemented with 10 mM HEPES (Sigma), further designed as complete medium (13–15). Cell viability was controlled by trypan blue staining and was typically >95%. The heterophils were immediately used for experiments. Mononuclear cells were suspended at 5 × 106 cells/ml and allowed to adhere to plastic for 3 h at room temperature (100 μl per well in a 96 wells plate, 22°C). Non adherent cells were removed and adherent cells flushed to remove thrombocytes, the number of which was reduced to less than 5%, before incubation in complete medium followed by stimulation as described below.

Cell Stimulation

Production of an oxidative burst by heterophils was quantified by oxidation of the non-fluorescent DCFH-DA (Dichlorofluorescein-diacetate, Sigma) to fluorescent DCF (Dichlorofluorescein) as described previously (13) in five independent experiments carried out in triplicate. Briefly, 8 × 105 heterophils were preincubated in a 100 μl volume at 41°C with 5% CO2 with DHFCA-DA (10 μg/ml final concentration) for 30 min prior to the addition of the ulvan extract. The oxidative burst induces the cleavage of this substrate and leads the liberated fluorescein emitting at 530 nm when excited at 485 nm. The Relative Fluorescent Units (RFU) were recorded as previously described (13).

Heterophils degranulation was measured in five independent experiments in triplicate by quantifying the amount of β-D-glucuronidase activity in the culture medium following stimulation of the heterophils as previously described (16). Heterophils (8 × 106/ml) were incubated with each TLR agonist or ulvan extract for at least 1 h on a rocker platform at 41°C in a 5% CO2 incubator. The reaction was stopped by transferring the tubes containing the cells to an ice bath for 5–10 min. The cells were then centrifuged at 250 g, 10 min at 4°C. The supernatants were then removed and used for the assay. Thirty microliter aliquots of each supernatant were incubated in duplicate with 60 μl freshly prepared substrate (10 mM 4-methylumbelliferyl- β-D-glucuronide, 0.1% Triton X-100 in 0.1 M sodium acetate buffer) for 4 h at 41°C in a non-treated, black flat-bottom ELISA plate. The reaction was stopped by adding 200 μl of stop solution (0.05 M glycine and 5 mM EDTA; pH 10.4) to each well. Liberated 4-methylumbelliferone was measured fluorimetrically (excitation wavelength of 355 nm and an emission wavelength of 460 nm) with a fluorescence microplate reader. These values were converted to micromoles of 4-methylumbelliferone generated using a standard curve of known concentrations.

Monocytes were incubated with the ulvan extract in five independent experiments in duplicate. The cells were cultured in a RPMI-1640 glucose medium (2 g/l glucose) at 41°C with 5% of CO2, as previously described (13–15). The concentration of nitric oxide (NO) in conditioned media was determined in duplicate with Griess' reagent using a standard nitrite concentration curve.

All experiments on heterophils as well as on monocytes were carried out with glycogen as a negative control (10 μg/ml), LPS (Sigma) as TLR4 agonist (10 μg/ml), Pam3CSK4 as TLR2 agonist (10 μg/ml, Invivogen, further designed as PAM) as previously described (3, 12, 13) Glycogen was chosen as negative polysaccharide control to verify the specificity of the activation of the cells by ulvan. In order to identify the receptor(s) involved in ulvan's biological effects and to address the underlying mechanisms, specific inhibitors (Table 1) were added 30 min before the ulvan extract (25 μg/ml) in four independent experiments. Monocytes or heterophils were then incubated for 4 h as described above.


Table 1. Inhibitors and their relative targets.
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RNA Extraction, RT-qPCR

Total RNA devoid of genomic DNA contamination was extracted with RNeasy Plus Mini Kit (Qiagen) and TRIzol® (Life Technologies) according to the manufacturers' instructions. Total RNA (200 ng) was used for first-strand cDNA synthesis with the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems). RT-qPCR was performed using the Power SYBR Green PCR Master Mix (Applied Biosystems) for all transcripts. All determinations were performed in duplicate and normalized against actin as the internal control gene. The results are expressed as the relative gene expression with the DeltaDeltaCt method. Fold change = 2−[(Ct target gene in sample−Ct actin in sample)−(Ct target gene in untreated cells−Ct actin in untreated cells)] (17). Primer sequences are listed in Supplemental Table 1. Variations were considered as significant when fold changes reached at least two.

In Vivo Experiments

Three hundred male broiler chickens (28 days old at day 0) with a Ross 308 genetic background, obtained from a local commercial hatchery, were used in three independent experiments. This research was approved by the Brest University ethics committee in compliance with French laws and regulations. The experiments were conducted on adult animals to allow sufficient volume for blood sampling and in order to have fully functional heterophils (18). The last vaccination was performed no later than day 12 of life for return to baseline immune parameters before day 0 of the experiment. Blood samples (1 ml per animal) were taken every day from day 0 to day 3. All chickens received the same diet and prophylaxis programs within and between the experiments. All the animals were raised under standard farm conditions and had not been given any antibiotics or any immune system stimulating chemicals since birth. Each experiment consisted of four groups of 25 chickens. At day 0, around the first blood sampling, the animals were kept without water during 2 h to assure a homogeneous consumption of the extract. Each group then received a different dose of the ulvan extract in drinking water (0, 10, 25, 50 mg/l). At day 1 the solution was replaced by water. Chickens were placed in their respective pens (1 × 1.4 m allowing 0.56 cm2 of pen space per bird in accordance with French animal welfare laws) with straw, supplemental heat, water, and a balanced, un-medicated wheat and soybean based chicken diet ad libitum. Pelleted feed was given to the chickens twice daily at 09:00 a.m. and 05:00 p.m. The feed was formulated to contain 20% crude proteins and 3,200 kcal of metabolizable energy/kg of diet in agreement with the National Research Council and the genetic company (Aviagen) standards. Sanitary status, performance (mortality, daily average gain) and behavior were assessed daily, from 1 week before the experiment until slaughtering by the research team poultry veterinarians.

Individual quantification of plasma concentrations of glucuronidase activity and NO were performed as described above, while C-reactive protein (CRP), haptoglobin, interleukin1-β (IL1β), interferons α and γ (IFNα, IFNγ) concentrations were determined using ELISA kits as recommended by the manufacturer (Elabsciences). Heterophils and monocytes were purified as previously described to allow RT-qPCR experiments.

Statistical Analysis

Comparisons between groups were performed on at least three independent experiments for in vivo studies and five independent experiments for in vitro ones using ANOVA1 test and Bonferroni correction with the PRISM Software. Values are given as mean ± SEM. P-values of less than 0.05 were considered significant.

RESULTS

Characteristics of the Ulvan Extract

The protein content in the dry matter was 8.9 ± 0.3%. No fatty acids and no endotoxins could be detected. The average contents were 40.2 ± 0.7% for neutral sugars, 32.2 ± 0.8% for uronic acids, 8.3 ± 0.3% for sugar-bound sulfates. The monosaccharide composition evidenced the characteristic ulvan composition with, rhamnose, xylose, iduronic acid, and glucuronic acid (Figure 1). The weight-average (Mw) and the number-average (Mn) molecular weight were estimated as 5.8 ± 0.6 and 3.4 ± 0.3 kDa, respectively, and the polydispersity index was calculated to be 1.57 ± 0.03. Moreover, the proton NMR analysis showed a profile very closed to the one obtained of oligosaccharides from an ulvan (Supplemental Figure 1).


[image: image]

FIGURE 1. Structure of the main disaccharide motifs present in ulvan. From the top to the bottom: β(1,4)-D-GlcA-α (1,4)-L-Rha 3 sulfate, β(1,4)-L-idoA-α (1,4)-L-Rha 3 sulfate, β(1,4)-D-xyl-α (1,4)-L-Rha 3 sulfate, β(1,4)-D-xyl 2-sulfate-α(1,4)-L-Rha 3 sulfate, where X represents the continuation of the polysaccharide chain. GlcA, glucuronic acid; Rha, rhamnose; IdoA, iduronic acid; Xyl, xylose.



Ulvan Activates Heterophils

Heterophils are considered as the poultry equivalents of mammalian neutrophils, and as such an integral part of the avian innate defenses against pathogens. Incubation with the ulvan extract leads to glucuronidase release by heterophils in a dose-dependent manner, with a peak at 3 h of incubation, as also observed for the positive controls LPS and PAM, but not the negative one, glycogen (Figure 2A). Four-methylum-belliferone concentrations at t = 3 h were, 1.41 ± 0.49 μM with medium alone, 1.34 ± 0.52 μM with 10 μg/ml glycogen, 23.19 ± 4.54 μM with 10 μg/ml ulvan, 32.73 ± 4.56 μM with 20 μg/ml, 45.54 ± 4.93 μM with 50 μg/ml, 50.00 ± 6.70 μM with 10 μg/ml LPS, 41.36 ± 7.74 μM with 10 μg/ml PAM. Moreover incubation with the ulvan also induced an oxidative burst by the heterophils, as evidenced by the fluorescein release (Figure 2B). The highest ulvan concentration (50 μg/ml) resulted in a maximum burst after 4 h of incubation (75.53 × 103 ± 4.41 × 103RFU) similar to the one observed for the TLR2 agonist PAM, but superior to the one of LPS, the TLR4 agonist (33.73 × 103 ± 5.60 × 103RFU). As for LPS, the lower doses of ulvan resulted in a maximal stimulation at 3 h that would tend to decrease in a non-statistically significant manner at 4 h (Figure 2B).
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FIGURE 2. Ulvan activates heterophils in vitro in a time- and dose-dependent manner. Heterophils (8 × 106/ml) were incubated in vitro with different concentrations of ulvan, PAM as TLR2 agonist, LPS as TLR4 agonist, and glycogen as a control of polysaccharide specificity. Activation was evidenced by the quantification of degranulation as evidenced by β-D-glucuronidase ability to generate 4-methylum-belliferone (A); and the measurement of the oxidative burst as evidenced by fluorescein fluorescence (B). Data represents the mean ± SEM of five independent experiments in triplicate. *p < 0.05, **p < 0.01 for statistically different values for the same dose at different times. Different letters with the same color indicate statistically different values for the different doses at the same time (p < 0.05).



Heterophil Activation is TRL2/4 Dependent

Using selective inhibitors (Table 1) we analyzed the capacity of ulvan (25 μg/ml) to act as a PRR agonist. Blocking TLR2 on neutrophils resulted in a statistically significant decrease in degranulation (Table 2) and oxidative burst (Table 2). Similarly, TLR4 blockade resulted in a statistically significant decrease in degranulation and in the oxidative burst. Interestingly, the action of ulvan on these receptors have a synergistic effect since the decrease obtained was 89.92 ± 1.34% for the degranulation and 90.55 ± 4.52% for the burst, when both TLR2 and TLR4 were blocked p < 0.05 (Table 2).


Table 2. Heterophils are activated through TLR2 and TLR4 through PKC and PLC dependent mechanisms.
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We then investigated the intracellular proteins required for the degranulation and the oxidative burst. As shown in Table 2, p38MAPK, JNK, ERK, NF-κB did not regulate these events since their inhibition did not result in a statistically significant decrease. The more potent inhibitors for degranulation appeared to be those against PI3K, PKC, and PLC (Table 2). Moreover, PKC and PLC, but not PI3K, appeared to be major regulators of the oxidative burst (Table 2). In addition, PKC and PLC acted on both TLR4 and TLR2 pathways, in an equal manner for the oxidative burst but not for degranulation with the TLR4-mediated oxidative burst which appears as independent from PLC (Table 2).

Ulvan Triggers Cytokine Transcription in Heterophils

The transcription pattern of IL1β, IFNα, IFNγ, IL8, and IL18 varied in a dose- and time-dependent manner in response to the ulvan extract (Table 3). Variations appeared as soon as 2 h of incubation. The fold changes were specially increased for IL1β, IFNα, and IFNγ while transcription of IL8 and IL18 genes was induced in a lesser extent. No significant variation was observed for IFNβ, IL10, IL13, and IL17 and no negative fold changes were observed (Supplemental Table 2).


Table 3. Ulvan triggers cytokine transcription in heterophils.
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Heterophil activation also resulted in raised transcription of TLR2 and TLR4 receptors, with TLR2 being the most affected (Table 3). The use of specific inhibitors confirmed that the variations in cytokine transcription are the results of TLR2 and/or TLR4 activation and that TLR2 and TLR4 act synergistically to regulate these genes (Table 4). Moreover, TLR2 and TLR4 genes appear to be the downstream targets of their own receptors. In addition each one of them regulates its own transcription but also the one of the other TLR (Table 4). Four hours after the application of the ulvan extract, TLR2 and TLR4 seem to regulate their transcription through mechanisms involving NF-κB (p < 0.05) as transcriptional activator and PI3K as a repression inducer (p < 0.01, Table 4). PKC and PLC inhibitors had no effect on the fold changes of any of the genes whose expression was increased with the extract. P38MAPK and JNK inhibitor also had no impact on IFNα, IFNγ, TLR2, and TLR4 genes transcription. Meanwhile, p38MAPK and JNK inhibition resulted in the reduction of IL1β, IL8, and IL18 transcription. In addition, NF-κB and ERK activated IL1β, IFNα, IFNγ, IL8, and IL18 transcription to a comparable extent (Table 4). We next wondered whether these proteins were activated following the addition of the extract and the subsequent activation of TLR2 and TLR4. We thus performed simultaneous inhibition experiments using TLR inhibitors in combination with cytoplasmic targets ones and focused on genes which expression was modified after the addition of the ulvan extract (Table 4). Both TLR2 and TLR4 pathways appear to involve NF-κB and ERK as regulators of IL1β, IFN α, IFNγ, IL8, and IL18 genes transcription. PLC, PKC, PI3K did not significantly affect the transcription rate of these genes (Table 5). In addition, the transcription of IFNα and IFNγ genes is also not significantly regulated by JNK, p38MAPK (Table 5). TLR2 and TLR4 receptors display a regulation pattern involving for each one of them NF-κB as a transcriptional activator and PI3K as a transcriptional repressor (Table 5).


Table 4. Transcription in heterophils is TLR2 and TLR4 dependent and involves intracellular mediators.
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Table 5. TLR2 and TLR4 pathways regulate transcription in heterophils through common intracytoplasmic mediators.
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Ulvan Causes No Release by Monocytes in a TLR2/4 -Dependent Manner In Vitro

Another leader cell in innate immunity is the monocyte, due to its ability to synthesize NO and cytokines, and to link innate and adaptive immunity (19). When incubated with ulvan, monocytes secreted statistically significant amounts of NO (Figure 3A). NO release was time- and dose-dependent, with a maximal effect observed after 4 h of incubation, and for 50 μg/ml ulvan. Under these conditions NO concentrations rose to 1.12 ± 0.18 μM with medium alone, 1.49 ± 0.36 μM with glycogen, 3.49 ± 0.21 μM with 5 μg/ml ulvan, 5.69 ± 0.63 μM with 10 μg/ml ulvan, 10.05 ± 1.16 μM with 20 μg/ml ulvan, 21.03 ± 2.71 μM with 50 μg/ml ulvan and for the two positive controls, 12.62 ± 1.73 μM with PAM, 18.12 ± 1.58 μM with LPS. As observed for heterophils, TLR2 and TLR4 are the main membrane targets of ulvan as their blockade resulted in reduction by half of the NO concentration, respectively, and a 90.09 ± 2.35% decrease when simultaneously blocked (p < 0.05, Figure 3B).


[image: image]

FIGURE 3. (A) Ulvan causes NO release by monocytes. Ulvan triggers NO release in a dose- and time dependent manner, measured using Griess' reagent. Data represents the mean ± SEM of four independent experiments in duplicate. Letters indicate statistically different values for the different doses at the same time with p < 0.05. *p < 0.05, **p < 0.01, ***p < 0.005 when values are statistically different for the same dose at different times. (B) Ulvan acts through TLR2- and TLR4-dependent mechanisms. Monocytes were incubated in vitro with different concentrations of ulvan, PAM as TLR2 agonist, LPS as TLR4 agonist, and glycogen as a control of polysaccharide specificity. The monocytes were first incubated for 30 min with the inhibitors before addition of the ulvan extract at 25 μg/ml for 4 h. Data represents the mean ± SEM of four independent experiments in duplicate. Different symbols with the same color indicate statistically different values with p < 0.01, different numbers mean statistically different values with p < 0.005.



Cytokines and iNOS Genes Are Transcribed in Monocyte After TLR2/4 Activation

The transcription of IFNβ, IL10, IL17, and IL18 genes was not affected by ulvan (Supplemental Table 3). However, variation in gene transcription was observed for IL1β, IFNα, IFNγ, IL8, IL13, TLR2, TLR4, and iNOS, in a dose-dependent manner (Table 6). The induction was also time-dependent, except for IL8 whose fold changes were very similar between the two times, with for instance with 50 μgm/l ulvan 4.06 ± 0.4 at 2 h, 3.75 ± 0.43 at 4 h (Table 6). As noted for heterophils, the induction was especially strong for IL1β, IFNα, and IFNγ. However, in contrast to what was observed in heterophils the transcription of IL1β and IFNα was not significantly modified at 2 h with a fold change around 1. IL1β transcription was only tuned on after 4 h with 25 and 50 μg/ml (Table 6). TLR2 and TLR4 receptors are responsible for the variations in the fold changes since their blockade severely hampers the transcription of IL1β, IFNα, IFNγ, IL8, IL13, iNOS, TLR2, and TLR4 (Table 7). TLR2 and TLR4 act, at least in part through NF-κB activation, since NF-κB inhibition results in a reduction of the positive fold changes for all these genes (Table 7). NF-κB appears to be the unique transcriptional activator for IFNα and IL13 among the ones we investigated, while IFNγ transcription is also increased by ERK (Table 7). As observed in heterophils, ERK and JNK act as transcriptional activators for IL1β and IL8 genes and p38MAPK inhibition also results in a decrease in their transcription. IL1β gene also appears to be more transcribed in response to PLC and PKC activation which was not the case in heterophils (Table 7 vs. Table 5, respectively). In addition, PLC and PKC did not regulate IFNα, IFNγ, IL8, IL13, iNOS, TLR2, and TLR4 transcription in monocytes (Supplemental Table 3), similarly to the situation observed in heterophils (Supplemental Table 2). Interestingly, 4 h after adding the ulvan extract (25 μg/ml), PI3K acts as a transcriptional activator for IL1β and IL8, but a repressor for iNOS, TLR2, and TLR4 (Table 7). Moreover, in our conditions, only NF-κB raised iNOS, TLR2, and TLR4 transcription: its inhibition indeed results in fold changes that were at least two fold lower than the ones without inhibitor (Table 7). As for heterophils, combinatory inhibition experiments were performed. Blocking NF-κB in addition to TLR2 or TLR4 severely hampered the transcription of all the studied genes, as evidenced by qPCR (Table 8). As observed using ERK inhibitor alone, no variation of the transcription rate of the IFNα gene could be detected (Table 8).


Table 6. Ulvan triggers cytokine transcription in monocytes.
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Table 7. Transcription in monocytes relies on TLR2 and TLR4 activation and requires intra-cellular mediators that differ according to the genes.
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Table 8. TLR2 and TLR4 pathways regulate transcription in monocytes through common intracytoplasmic mediators.
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Ulvan Also Acts In Vivo When Given Per Os

To address the potential biological effects of ulvan in vivo, three independent experiments were performed, each with four groups of 25 chickens given ulvan at 0, 10, 25, 50 mg/l in drinking water during 24 h. Heterophils and monocytes were purified each day from day 0 to day 3, and plasmas kept frozen. No loss of appetite, aggressivity, wounding, abscess, fever or mortality was observed at any time by the veterinary assessment performed each day for all the repetitions. The animals had an exploratory behavior with no huddled chickens. Weight were similar between groups and between experiments and correspond to the standards established by the genetic company (Supplemental Table 4).

The NO concentration was quantified in plasma from individual chickens as described above, since it mirrors, at least in part, monocyte activation. A dose- and time-dependent release was observed with maximal concentrations at day 1 with values of 9.99 ± 0.85 μM for the negative control, 29.72 ± 1.34 μM with 10 mg/l ulvan, 48.22 ± 1.51 μM with 25 mg/l ulvan, and 81.8 ± 6.50 μM with 50 mg/l ulvan (Figure 4A). The groups without ulvan stimulation did not present any statistically significant variations over time, with NO concentrations between 10.41 ± 0.71 μM and 9.34 ± 0.35 μM.
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FIGURE 4. Ulvan acts in vivo when given per os. Ulvan was given per os at four different concentrations (0, 10, 25, 50 mg/l) to the animals at day 0. Blood samples (1ml per animal) were taken every day from day 0 to day 3. The NO concentration and β-D-glucuronidase activity were quantified individually in the plasma, the latter via the 4-methylum-belliferone formation. A dose response release is observed for both NO (A) and β-D-glucuronidase (B) with a peak at day 1. Data represents the mean ± SEM of three independent experiments with 25 chickens per group. Different letters with the same color indicate statistically different values for the different doses at the same time with p < 0.05, different symbols with the same color indicate statistically different values for the different doses at the same time with p < 0.01. *p < 0.05, **p < 0.01, and ***p < 0.005 when values are statistically different for the same dose at different times.



Release of granules by heterophils, and potentially by monocytes, was measured by quantification of the amount of β-D-glucuronidase activity. As shown in Figure 4B, increased ulvan concentrations led to higher 4-methylum-belliferone concentrations, reflecting a greater subset of heterophils and/or monocytes being activated. All the series displayed a peak of β-D-glucuronidase activity at day 1, swiftly declining, with values no longer statistically different from that of the negative control at day 3. At day 1, β-D-glucuronidase in the plasmas allowed 4-methylum-belliferone concentrations to rise to 6.29 ± 0.48 μM for the negative control, 48.7 ± 2.85 μM with 10 mg/l ulvan, 74.67 ± 3.38 μM with 25 mg/l ulvan, 89.61+/4.23 μM with 50 mg/l ulvan. In the groups without any ulvan added, no variation was observed with 4-methylum-belliferone concentrations ranging from 6.12 ± 0.55 μM to 6.63 ± 0.39 μM.

Both Heterophils and Monocytes Respond to Ulvan In Vivo

In order to gain insight into the mechanisms of action of ulvan, RT-qPCR analyses were carried out on monocytes and heterophils purified from blood samples taken at 0, 24, 48, and 72 h after ulvan administration. Since blood samples were only 1 ml per animal, samples were first centrifuged to separate the plasma from the cells. The cellular pellets of three animals were then pooled to obtain sufficient amount of cells for purification.

Heterophils responded as early as day 1 by tuning on the transcription of the pro-inflammatory genes for IL1β, IFNα, IFNγ, and to a lower extent those of IL8, TLR2, and TLR4 (Figure 5). Fold changes were dose-dependent and varied from 6.17± 1.12 with 10 mg/l ulvan to 137.68 ± 16.20 with 50 mg/l ulvan for IL1β, from 4.90 ± 1.04 with 10 mg/l ulvan to 290.14 ± 46.86 with 50 mg/l ulvan for IFNα, from 4.08 ± 0.46 with 10 mg/l ulvan to 225.82 ± 22.15 with 50 mg/l ulvan for IFNγ. Fold changes decreased from day 2 for these genes but remained statistically different at day 2 (Figure 5). TLR2 and TLR4 were also more transcribed with ulvan, although in a lesser extent than the previous genes. IL8 displayed a different transcription pattern with only moderate fold changes at day 1 (1.96 ± 0.30 with 10 mg/l ulvan to 16.13 ± 2.57 with 50 mg/l ulvan), that did not significantly decrease at day 2 (2.73 ± 0.41 with 10 mg/l ulvan to 11.99 ± 2.32 with 50 mg/l ulvan) but decreased at day 3 (Figure 5). Thus, induction of its transcription appears to be less acute than those of IL1β, IFNα, IFNγ, but to last longer than the one of IL1β for the highest doses (25 and 50 mg/l). The transcription of 2′-5′ Oligoadenylate synthase (OAS) was also delayed when compared with those of IL1β, IFNα, IFNγ. Fold changes were indeed identical to the ones of the control at day 1, maximal at day 2 ranging from 5.84 ± 0.71 with 10 mg/l ulvan to 51.63 ± 8.9 with 50 mg/l ulvan and remaining statistically increased compared to the controls at day 3 for the highest concentrations, albeit to a lesser extent (Figure 5). All the other cytokines genes analyzed (IL10, IL13, IL17, IL18, IFNβ) were not significantly tuned on nor tuned off during the experiments (Supplemental Table 5). Moreover no change was observed in the Ct and ΔCt values for the series without ulvan from day 0 to day 3; they also did not differ from the levels observed in the in vitro experiments (Supplemental Table 6).
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FIGURE 5. Heterophils respond to ulvan by modifying the transcription pattern of cytokine genes. Ulvan was given per os at four different concentrations (0, 10, 25, 50 mg/l) to the animals at day 0. Blood samples (1 ml per animal) were taken every day from day 0 to day 3. Cellular pellets of three animals were pooled to obtain sufficient number of cells for purification and RT-qPCR. Data represents the mean ± SEM of three independent experiments with 25 chickens per group. Different letters with the same color indicate statistically different values for the different doses at the same time with p < 0.05.



The transcription patterns observed for the monocytes appeared to differ somewhat from the ones for heterophils. Common to both cellular types is the fact that the acute phase of the response was detected at day 1. However, despite increased fold changes, the transcription of IL1β gene was less affected in monocytes than in heterophils with values at day 1 ranging only from 0.89 ± 0.08 with 10 mg/l ulvan to 7.63 ± 0.82 with 50 mg/l ulvan (Figure 6). As a result and contrarily to what was observed for heterophils (Figure 6), fold changes returned to around 1 as early as day 2 (Figure 6). Similarly, transcription of IL8 and IFNα genes was activated in a significant manner in monocytes, but less than in heterophils. For instance, the fold change for IFNα at day 1 with 50 mg/l ulvan rose to 4.31± 0.37 in monocytes (Figure 6) while it was 290.14 ± 46.86 in heterophils (Figure 5). Transcription of the IFNγ gene was also increased in a dose-dependent manner at day 1, with fold changes that rose to 3.88 ± 0.37 with 10 mg/l ulvan and 66.72 ± 5.95 for 50 mg/l ulvan (Figure 6). Once again the fold changes at day 1 in monocytes were lower than in heterophils, but the tendency between heterophils and monocytes was similar, with an about 2-fold decrease between day 1 and day 2, and quite similar fold changes at day 3. The gene which transcription was severely raised in monocytes, especially at day 1, is the iNOS one, with a transcription pattern reminiscent of the IFNγ one. At this time a dose-dependent response occurred with fold changes ranging from 3.88 ± 0.37 with 10 mg/l ulvan to 258.25 ± 23.25 with 50 mg/l ulvan (Figure 6). However increased transcription appears to be transient as fold changes decreased with a factor nearly eight at day 2, and for instance a fold change that rose only to 30.51 ± 4.14 with 50 mg/l ulvan at day 2. Moreover at day 3 the values were equal to one, except for the highest concentration with a fold change of 4.18 ± 0.32, which is yet about 60 times less than the one at day 1 (268.25 ± 23.25). Otherwise, as observed in heterophils, the transcription was increased for OAS. However, a significant increase appeared as early as day 1 in monocytes with fold changes equal to 3.90 ± 0.59 and 15.53 ± 1.83 with 25 mg/l and 50 mg/l ulvan, respectively (Figure 6) while variations were not observed before day 2 for heterophils (Figure 6). As in heterophils the peak of transcription was day 2 in monocytes with values equal to 4.01 ± 0.30 with 10 mg/l and 62.76 ± 5.08 with 50 mg/l ulvan before decreasing at day 3 to reach 1 except for the highest concentrations (Figure 6). The transcription of all the other cytokines genes analyzed (IL10, IL13, IL17, IL18, IFNβ) did not vary significantly during the experiments (Supplemental Table 7). Moreover no change was observed in the Ct and ΔCt values for the series without ulvan from day 0 to day 3; they also did not differ from those observed in the in vitro experiments (Supplemental Table 8).
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FIGURE 6. Cytokines mRNA are transcribed in monocytes in response to ulvan. Ulvan was given per os at four different concentrations (0, 10, 25, 50 mg/l) to the animals at day 0. Blood samples (1 ml per animal) were taken from day 0 to day 3. Cellular pellets of three animals were pooled to obtain sufficient number of cells for purification and RT-qPCR. Data represents the mean ± SEM of three independent experiments with 25 chickens per group. Different letters with the same color indicate statistically different values for the different doses at the same time with p < 0.05.



Cytokines are Secreted In Vivo in a Context of Moderate and Transient Inflammation

To address whether the variations in mRNA amounts correlated with cytokines release, ELISA assays were performed for IL1β, IFNα, and IFNγ (Figure 7). IL1β concentrations rose in a dose-dependent manner as early as day 1 from 21.17 ± 0.96 pg/ml without ulvan supplementation, to 32.65 ± 1.15 pg/ml with 10 mg/l ulvan and 58.56 ± 1.06 pg/ml with 50 mg/l ulvan, in agreement with the increased fold changes observed in heterophils and monocytes. Secretion appeared to be transient as a statistically significant one third decrease occurred in a single day so that 50 mg/l ulvan resulted in a plasmatic concentration of 37.53 ± 1.43 pg/ml at day 2, as compared to 21.84 ± 1.81 pg/ml without any ulvan stimulation on the same day (Figure 7A). The IFNα secretion pattern was similar to that of IL1β, with a dose-dependent response at day 1 decreasing in a statistically significant manner at day 2. Concentrations at day 1 were however higher than those of IL1β and ranged from 32.66 ± 2.81 pg/ml without ulvan supplementation to 60.35 ± 3.33 pg/ml with 10 mg/ml and 107.63 ± 7.49 pg/ml with 50 mg/l ulvan. This was also true at day 2 with a nearly unchanged value for the untreated group (30.80 ± 2.74 pg/ml) and a value of 60.28 ± 5.96 pg/ml for the highest ulvan dose (Figure 7A). Once more these concentrations were in accordance with the fold change evolution observed in monocytes and heterophils over time. It can thus be suggested that the two cellular types may contribute to release of IL1β. IFNγ concentration in plasmas was 19.33 ± 1.82 pg/ml without ulvan supplementation, and rose to 27.57 ± 2.25 pg/ml with 10 mg/l ulvan and to 94.95 ± 3.81 pg/ml with 50 mg/l ulvan. Despite being statistically significant, the decline in concentrations at day 2 was nevertheless less acute than for IL1β and IFNα (Figure 7B). Consequently, IFNγ concentration at day 3 remained more than twice the one found without ulvan supplementation (46.69 ± 3.75 pg/ml vs. 20.14 ± 1.94 pg/ml with 50 mg/l ulvan, Figure 7B). No statistical difference was observed for IL1β, IFNα, and IFNγ concentrations for the control group in any of the three repetitions and over the 4 days (from day 0 to day 3).
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FIGURE 7. IL1β, IFNα, and IFNγ are released in a context of transient and moderate inflammation context. Ulvan was given per os at four different concentrations (0, 10, 25, 50 mg/l) to the animals at day 0. Blood samples (1 ml per animal) were taken every day from day 0 to day 3. ELISA were performed on each plasma to quantify the concentrations of IL1β and IFNα (A), IFNγ (B), C-Reactive Protein (C), and haptoglobin (D). Data represents the mean ± SEM of three independent experiments with 25 chickens per group. Different letters with the same color indicate statistically different values for the different doses at the same time with p < 0.05. *p < 0.05, when values are statistically different for the same dose at different times.



As IFNα and IFNγ may bridge over other cellular populations for activation, and as autocrine and/or paracrine loops may occur, we assessed the extent of the inflammation initiated by the ulvan, at an early stage by quantifying C - Reactive Protein (CRP), and at a later stage by measuring haptoglobin. CRP was synthetized by the liver in response to ulvan in a dose-dependent manner. The plasmastic CRP concentrations reached 1.08 ± 0.06 ng/ml without ulvan supplementation and rose at day 1 to 9.74 ± 0.36 ng/ml with 10 mg/l ulvan and 37.49 ± 0.85 ng/ml with 50 mg/l ulvan (Figure 7C). Day 2 was characterized by CRP concentration falling to 8.91 ± 0.55 ng/ml with 50 mg/ml ulvan, while remaining constant for the untreated group (1.27 ± 0.08 ng/ml). Concentrations for haptoglobin at day 3 were nearly identical between the control group and the group with 50 mg/l ulvan, 98.59 ± 4.72 vs. 97.66 ± 6.16, respectively (Figure 7D).

DISCUSSION

The immune system is constantly exposed to a large variety of threatening and potentially damaging agents and uses complex cellular and molecular mechanisms to determine the appropriate response to each situation: Whether to activate the adaptive immunity or if the innate immune response may be sufficient. The latter one involves different populations of mononuclear cells (monocytes, macrophages, NK, NKT, B, and γδ T lymphocytes) and polynuclear cells.

The primary polymorphonuclear leukocyte in chicken is the heterophil. It provides a rapid deployment of the effector arm of the innate immune system in birds, displaying a variety of pathogen recognition receptors, including toll-like receptors (TLRs), which account for the recognition of a multitude of pathogens. The TLR family in chickens consists of ten genes, where TLR2 and TLR4 are orthologs to mammal TLRs (20).

In our experiments, heterophils constitutively express TLR2 and TLR4, as previously reported (21). Kogut et al. demonstrated that activation of heterophils with TLR2 and TLR4 with agonists, respectively PAM and LPS, results in an oxidative burst and degranulation (21, 22). In our hands, when using the same technologies the biological effects obtained were close to the ones previously described, when in the same conditions (21, 22). Moreover, thanks to the use of specific inhibitors, we have demonstrated that ulvan activates TLR2 and TLR4 on heterophils in vitro. Ulvan thus appears as a new biological ligand for chTLR2 and chTLR4 (chicken TLR2 and TLR4), in addition to the ones previously described (4, 12).

As human TLR4 has been described to bind palmitic acid (1, 4) and as no data are currently available for chTLR, we quantified the amount of palmitic acid both in the extract and in the feed (Supplemental Figure 2). As the feed intake for chicken at 25 days of age is 130 g of pelleted feed per day per animal, the daily intake of palmitic acid via the feed was calculated to 538 mg per day. As they also consume 200 ml of water, the chickens with the highest concentration of ulvan extract received an additional load of 0.6 μg per animal during the first day of the experiment. Thus the extra palmitate amount brought by the highest concentration of the ulvan extract represents 1.12 × 10−6 fold less than the amount of the palmitate owing to the pelleted feed. As we also failed to detect any endotoxin (TLR ligand), we considered that the biological effects observed were achieved thanks to the ulvan. However, in vitro, ulvan seems to be a less potent activator of the oxidative burst than LPS, the TLR4 agonist, as about 1.5-fold more ulvan than LPS was required to reach similar relative fluorescent units. This was also observed for TLR2, where a five times higher concentration of ulvan than PAM, the TLR2 agonist, was required to reach the same biological effects.

Results for the degranulation are consistent with the ones for the burst, thus confirming that ulvan is a less potent activator of chTLR2 and chTLR4 than PAM and LPS in vitro. In addition, we have established, for the first time to our knowledge, that chTLR2 and chTLR4 cooperate to control avian heterophil activation, as evidenced for the oxidative burst and for the degranulation. Nevertheless, Keestra et al. reported that chTLR2 and chTLR4 are present as membrane receptors and that homodimers are required for signal transduction (4). In this study, we cannot state precisely whether the receptors dimers activated by ulvan are the homozygous ones and/or hypothetical heterologous ones (TLR2/TLR4) as the presence of the last ones (TLR2/TLR4) cannot be formally ruled out. Furthermore, since the extract may contain chains differing in their composition and size, we cannot exclude that different dimers may be activated at the same time by several ulvan subtypes.

When analyzing the transduction pathways, neither the burst nor the degranulation were statistically significantly affected by the specific inhibitors against p38MAPK, JNK, ERK, NF-κB, as previously described (13, 16). Moreover, we have also evidenced for the first time to our knowledge, that PI3K is involved in the degranulation process while it may not be required for the oxidative burst, as its inhibition did not result in a statistically significant decrease of the fluorescence for the burst (p = 0.056).

Two proteins appear as the main regulators of both degranulation and oxidative burst, PKC and PLC. Interestingly, for the burst, they both seem to act simultaneously on chTLR4 and chTLR2 transduction pathways and with the same efficiency (Table 2). PKC is also required for chTLR2 and chTLR4 dependent degranulation (Table 2). ChTLR2 dependent degranulation also implies PLC, as blocking chTLR4 and PLC together such as only chTLR2 can be activated, resulted in a 4-methylumbelliferone release that was statistically lower than when only chTLR4 was blocked (p < 0.05, Table 2). However, this synergy was not observed when simultaneously inhibiting TLR2 and PLC (Table 2), thus indicating that chTLR4 dependent degranulation may not require PLC while chTLR2 dependent one does. All in all, chTLR2 activation with ulvan results in a degranulation and an oxidative burst that are both supported by PKC and PLC activation, while chTLR4 activation leads to a degranulation process relying on PKC but not PLC, and an oxidative burst requiring PKC and PLC.

Due to the lack of myeloperoxidase, avian heterophils produce only weak amounts of NO and no Neutrophil Extracellular Trap as myeloperoxidase is required for this release (18, 23). Therefore NO quantification was not performed for the supernatants of heterophils incubated with ulvan but only for those of monocytes. In this model ulvan induces a dose- and time-dependent NO release. It relies on TLR2 and TLR4 activation with a synergic effect and requires about five fold more ulvan than PAM or LPS, the respective TLR2 and TLR4 agonists. However, the NO concentrations (no more than 25 μM) were lower than the ones observed by Barjesteh et al. on the chicken MQ-NCSU macrophage cell line [around 100 μM, (24)]. This discrepancy may be accounted for by the difference in the cellular type, the genetic background (Ross vs. Dekalb XL) and the incubation time (48 h in Barjesteh's work as compared to 4 h in the present work).

In a second step, we examined whether chTLR2 and chTLR4 activation with ulvan may result in modifications of the transcription pattern for heterophils and monocytes. We focused on cytokines involved in the innate immune response. As previously described, we have observed that TLR stimulation on heterophils in vitro results in the transcription of pro-inflammatory cytokines genes, especially IL1β (21, 23). Similarly to the results of Kogut et al. in a model of heterophils highly responding to Salmonella Enteritidis, we also observed that chTLR2 and chTLR4 transduction pathways involve MAP kinases and NF-κB to regulate IL1β, IL8, IL18, IFNα, and IFNγ (25). However, the reason why the transcription of chTLR2 and chTLR4 genes is enhanced by NF-κB and repressed by PI3K remains to be explained (Table 3). One hypothesis might be protection mechanism with as a first step, activation of transcription by NF-κB to increase the number of membrane receptors and thus improve pathogen capture; and as a second step, PI3K involvement to avoid a metabolically expensive and unnecessary transcription, when the membrane TLR are no more activated due to their ligands' clearance (26).

This mechanism may be common to heterophils and monocytes, as the same chTLR2 and chTLR4 regulation pattern arises in monocytes. In addition, we observed that the iNOS gene is regulated in a similar manner to the TLR2 and TLR4 genes in monocytes. Our previous hypothesis may thus also apply to this gene, in order to allow a sufficient amount of NO to be released for pathogen killing, but not too excessive or too long lasting in order to avoid cellular damage to healthy cells. Our results are consistent with those of Peroval et al for the avian HD11 macrophage cell line with the same inhibitors for PI3K, (wortmaninn), NF-κB, p38MAPK and ERK (PD98059), with PAM and LPS as agonists for TLR2 and TLR4, respectively (27). They showed the iNOS gene to be induced by NF-κB and repressed by PI3K. Furthermore, and in agreement with our results, induction of IL1β, IFNα, and IFNγ genes after TLR2 or TLR4 activation has also been described by Barjesteh et al using the MQ-NCSU avian macrophage cell line (24). Interestingly this team demonstrated that activating membrane TLR2 or TLR4 on these macrophages inhibits influenza virus H4N6 replication in vitro and increases its shedding in vivo (24, 28, 29). In addition, Haddadi et al also evidenced using this cell line that induction of TLR4 signaling inhibits laryngotracheitis virus replication (30).

However, the transcriptional regulation appears to differ somewhat between heterophils and monocytes for IL1β, IL8, IL18, IFNα, and IFNγ, thus suggesting that other cell-type specific mechanisms could be involved. This would for instance explain the discrepancy of IL13 gene regulation observed between the two cellular types.

Nevertheless, in both cellular types TRL4 and TLR2 share common intracellular mediators. Within a cellular type each mediator acts in a similar extent on TLR2 and TRR4 pathways (Tables 5, 8).

Given the in vitro results and as chTLR activation may be of use in prophylaxis, we finally examined whether ulvan may stimulate, directly or indirectly, the chicken innate systemic immunity in vivo. We first measured the inflammation level to exclude any deleterious effects on the animals' health.

Plasma concentration of CRP rose in a dose dependent-manner to values that are above the normal (1.56–8.6 ng/ml, according to the manufacturer) except for the control group and the 10 mg/l ulvan group. All groups were back to normal as soon as day 2. Furthermore, haptoglobin concentrations did not vary and remained within normal range for all the groups (93–186 ng/ml, according to the manufacturer). Ulvan thus appears to induce a transient and moderate inflammation. In addition, as no change in the animals' behavior was observed for the three independent experiments (from 1 week before the experiment until slaughtering), and as Ct value and Delta Ct values of all the studied genes are extremely close between the in vitro experiments and the control group in vivo, we have considered that no undesired event occurred during the in vivo experiments (Supplemental Tables 6, 8).

We have evidenced, for the first time to our knowledge, that β-D-glucuronidase, a lysosomal enzyme, was released in a dose dependent manner at day 1 after ulvan oral intake. This reflects heterophil activation and potentially monocyte activation (31). In addition to β-D-glucuronidase, activated heterophils may also release anti-microbial compounds including, β-defensins, cathepsins, lysozyme, acid phosphatase α-glucuronidase and elastase, as previously described in vitro (18) and in vivo (31, 32).

In line with this result, NO was also present in plasma. Nevertheless, we cannot exclude that cellular types other than monocytes may contribute to NO synthesis, as demonstrated for instance in mammalian endothelial cells (33). In a murine model of neutrophils lacking the ability to produce Reactive Oxygen Species (as is the case for heterophils), the clearance of different size pathogens involves distinct inflammatory programs (34). This study highlights the key role of IL1β in this process, irrespective of the inflammation program, with a statistically significant release of IL1β by neutrophils, in line with our own RT-qPCR results. However, we cannot formally rule out that monocytes may also contribute to IL1β production, even if, in our experiments, the gene was less tuned on in monocytes than in heterophils. Quantification of the IL1β concentration in plasma confirms its presence at levels above the normal values (15 to 30 pg/ml, according to the manufacturer) consistent with the RT-qPCR results. In the same register, IFNα and IFNγ were also released with a peak at day 1, once again in accordance with the RT-qPCR. In both cases their concentrations were in the same range at day 1 and higher than the control, from 29 to 42 pg/ml for IFNα and from 15 to 25 pg/ml for IFNγ.

We did not detect any variation for IFNβ mRNA, in vivo as well as in vitro. Lack of IFNβ induction is already well documented and has been suggested to explain, at least partly, why chickens are less sensitive to the deleterious effects of LPS (4). Lack of the intracellular adaptor protein TRAM may explain why TLR4 and TLR2 activation does not result in IFNβ gene transcription (4). In mammals, this protein has indeed been demonstrated to be required to allow TLR2 and TLR4 to transduce through a MyD88 independent pathway (35, 36). This is consistent with our in vitro results, as IFNα and IFNγ are regulated by NF-κB and ERK in neutrophils. In monocytes a similar regulation is observed for IFNγ whereas we have only been able to identify NF-κB as transcriptional regulator for IFNα. Both NF-κB and ERK can be activated after TLR2 and TLR4 activation through the MyD88 dependent pathway (37).

ChIFNα is strongly induced in response to a number of viral infections, such as influenza A virus and Newcastle disease virus (38). In addition, a putative binding site for NF-κB has been found in the promoter of this gene (39). In vitro, chIFNα strongly hampers the growth of Marek's disease virus, infectious bursal disease virus, vesicular stomatitis virus and infectious bronchitis virus (38, 40). These antiviral activities are not limited to in vitro systems since chIFNα has been shown to inhibit the replication of influenza virus (H9N2) infection in ovo as well as in vivo (40, 41). Moreover, as observed in our study, IFNα allows interferon-stimulated genes to be transcribed (38). Among them is OAS, whose activation results in the cleavage of viral RNA transcripts and host RNAs (38). In our work, its transcription is tuned on in monocytes and heterophils in vivo. Consistent with its regulation by IFNα and with the plasmatic concentrations of IFNγ we observed, the major variations in fold changes are at day 1 and day 2 according to the cellular type. However, as two alleles of the OAS gene with different anti-viral activities have been described in chicken (38), further studies may be of interest to identify which one is present in chickens with the Ross 308 genetic background.

In addition, IFNα has been described to promote murine NK cells expansion by protecting them from fratricide (42). As we observed IFNγ release in vivo, and as in mammals activated NK cells produce IFNγ, we cannot rule out that NK cells may contribute in our model to part of the IFNγ release. It would thus be of interest to further investigate whether IFNα may act similarly as in mammals, thus contributing to high IFNγ plasma concentrations (42). Moreover a direct action of the ulvan extract on NK lymphocytes could also be considered as the TLR expression pattern on NK cells has not been described so far (43). This would however require the ulvan extract to cross the intestinal barrier and reach the bloodstream; this may be possible due to its low molecular weight but needs formal demonstration.

As in mammals, chIFNγ is essential for host defense against intracellular pathogens and a hallmark of Th1 immunity (38). The reported biological activity of chIFNγ was similar to its mammalian counterparts including induction of MHC class I and class II to allow antigen presentation (37). In addition, chIFNγ also tightly regulates the production of NO (38) and anti-viral activity against vesicular stomatitis virus, infectious bursal disease virus, Newcastle disease virus (44, 45). Moreover an autocrine loop may occur in our model, as IFNγ priming of avian heterophils upregulates the expression of inflammatory cytokines, including IL1β, IFNγ, IL8 (22). It would in this case be of short duration, as plasma levels of IL1β were very close to the levels of control animals as early as day 2 and as IFNα and IFNγ concentrations also decline at day 2. Moreover, Andersen al recently reported that in contrast to what is observed in mammals, IFNγ in chicken may also be produced by CD3+ TCRγδ cells (2). This leads us to question whether these cells may be activated by ulvans and will require further experiments to be performed.

Moreover, St Paul et al reported IL1β, IFNα, and IFNγ genes to be more transcribed in the spleen of birds that received a mixture of TLR4 and TLR21 agonists (46). This also needs to be analyzed in our model of oral administration, as well as the contribution of Bu1+ B cells and tonsils cells as they express 18, 43, TLR2 and TLR4 (47).

Finally, we cannot rule out that ulvan also act through the modulation of GALT functions. TLR2 and TLR4 expression has been described throughout the avian digestive tract despite the fact that the subpopulations were not purified (43). In mouse, TLR4 activation on enterocyte or on intra-epithelial γδ lymphocytes regulates intestinal permeability. If this also happens in chicken, this could modify the ulvan blood transit (48, 49).

CONCLUSION

We report for the first time that ulvan activates TLR4 and TLR2 on avian heterophils and monocytes. In vitro, we have also demonstrated that the signaling pathways of these receptors display differences in their ability to induce heterophils degranulation and oxidative burst. In addition, the transcriptional regulation of several cytokines genes was tuned on in the two cellular types, partly in a cell specific manner. In vivo, when given per os, the ulvan extract stimulates, directly and/or indirectly, key players of the chicken innate immune system, i.e., heterophils and monocytes. The release in vivo of IL1β, IFNα, and IFNγ suggest a Th1 orientation of the immune response. The protective effect ulvans may confer will however also be dependent on the pathogens' virulence and on their adaptability, as for any prophylactic agent.

Further translational and fundamental studies are necessary to fully understand its mode of action.
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Supplemental Figure 1. RMN proton analysis. The samples were dissolved on 99.97% atome D2O and subjected to RMN proton analysis. The RMN proton spectrum was registered at 298 K on a Bruker Avance 500 spectrometer with a inversed cryogenic probe 5 mm 1H/13C/15N TCI. The isotopic shifts were referenced with respect to an external standard (trimethylsilypropionic acid). No suppression of the HOD signal was performed.
 
Supplemental Figure 2. Lipids were extracted with CHCl3/MeOH (2/1; v/v) and the amount of palmitic acid quantified using GC-FID (gas chromatography with flame ionization detector) according to Le Croizier et al. (10). Fatty acids were identified by comparison of their retention time with the ones of commercial standards. Comparing the fatty acids area with the one of the internal standard (C23:0) allowed their amount to be determined.

Supplemental Table 1. Primers sequences and relative references.
 
Supplemental Table 2. Fold change that do not vary statistically in heterophils in vitro.
 
Supplemental Table 3. Fold change that do not vary statistically in monocytes in vitro.
 
Supplemental Table 4. Animals weight during the three in vivo trials. *The company does not provide standard deviation values.

Supplemental Table 5. Fold change that do not vary statistically in heterophils in vivo.
 
Supplemental Table 6. Δ-Ct values for all the studied genes in heterophils during the three in vivo trials.
 
Supplemental Table 7. Fold change that do not vary statistically in monocytes in vivo.
 
Supplemental Table 8. Δ-Ct values for all the studied genes in monocytes during the three in vivo trials.
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an 0.92 % 0.09 0.97 & 0072 1,68  0.21° 5614048 5095 £372%  p<0.01 for 25ug/mland 50 pg/ml
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Variations are expressed as mRIA fold changes using p-actin as an interal standard. Transcription s time- and dose-dependent. Data represents the mean  SEM of five independent
experiments in triplicate. Different letters indicate statistically significant differences (a, b, ¢, and d) with p < 0.05 for the same incubation time, different symbols mean statistically
significant differences with p < 0.01 for the same incubation time.
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TLR4 14.21 £ 0.80 10.46 % 1.12 48.62 £ 417 1.86 + 0.20 174 £0.18 241 £0.19 2.70 £ 0.21
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TLR4 + INK 325+ 0310 9.86 + 0.86 41.62 + 3.89 0.53 & 0.04° 0.81 +0.08% 220+1.17 207 £0.21
TLR4 + p38 2.01 £ 0.13° 9.68 + 0.86 43.38 + 4.11 0.61 & 0.06° 0.49 + 0.04> 214 £ 0.22 243 £0.21
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Variations are expressed as mRNA fold changes using f-actin as an interal standard. Heterophils (8 x 108/mi) were first incubated for 30 min with the inhibitors before addition of the
ulvan extract at 25 ug/ml for 4 h. Data represents the mean + SEM of four independent experiments in triplicate. Letters indicate statistically significant differences with the experiment
with the TLR inhibitor, 2p < 0.05, °p < 0.01
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No inhibitor 2539 £066 4340218 6639267 1190109  441£080 1222113  2045+228 5572+ 463
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TLR2 + ERK 825+031° 1297£197  936+077% 1430118 2040018 263+024 1321119 2268+ 253
TLR2 + JNK 524£041% 1369£096  27.46+£259  1.78+013% 204017  814£025 15384149 2615205
TLR2 + p38 187£0.15° 1300141  2493%157  1.63£0.14% 2004011 308+029 1478+131  2553+224
TLR2 + PLC 5660342 1463:£272 27804229 4394046  203£020  324+028 1433107 2400219
TLR2 + PKC 4.74 £ 0.30% 1249 £ 1.18 26.58 + 2.64 4.49 + 0.42 2.11£0.18 324 £031 1491 £ 1.44 25.95 + 1.99
TLR2 + PI3K 319+ 120° 1300154 28134183 277010 214021 1076+ 1037 30.82+296° 4823 % 4.20°
TLR4 1044 £150 11123 £1.17 21.99 £+ 2.04 5.56 + 0.48 1.85+£0.13 8.09 +£0.88 15.99 £ 1.48 5.561 + 5.26
TLR4 + NFKB 1.73£014° 094018  232+052° 191£010° 092+008% 168+ 1.14°  106£010° 098x0.11P
TLR4 + ERK 58540542 1160108 1445+ 1487 2204025 173014  1094+105 1564+ 1.41 566 + 0.52
TLRY + INK 760£0720  1199£203  2121£219  211£028%  178+0.15 1088101  1530£149 530052
TLR4 + p38 168£018° 1242157  7.42£068  281£0218  178+042 1127112  1406+188  575+051
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TLR4 + PI3K 699£060% 1076+107 2006+ 195° 2240218  176+£0.16 1874+ 1322 28815:+£285% 10,670+ 157

Variations are expressed as mRNA fold changes using -actin as an intemal standard, Monocytes were first incubated for 30 min with the inhibitors before addltion of the ulvan extract
at 25 jg/mi for 4 h. Data represents the mean  SEM of four independent experiments in triplicate. Letters indicate statistically significant differences with the experiment with the TLR
inhibitor; 3p < 0.05, p < 0.01.
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No inhibitor 24934243 4296321  6454£501  1200£143 4252080 1239+£093 2084218 5350+ 4.69
TLR2 1224 £1122 1514 +£153° 288940847 401038  214£0.12% 54120272 1562+ 1152  27.34+ 223
TLRY 1043£0978 1179+ 154> 2632:£062° 504£0558  178£0128 869+ 0172 1140£1.018 2558 & 2.40%
TLR2+4 116£128°  208£0.19° 109£000° 099008° 1210413  108x010P  1.16+011°  2.89 0.30°
TLR4+21 474£085° 11.79£010° 2430£0712  574£0322 188019  778£0218 1251 £0142 2687 £2412
TLRY 20134208 8058285 5844+4.45 1195£158  428£007  1162+£084 2509231 5574 +2.30
Oytoplasmic LR 2506 £369 4188356  6833+604 1178143 433019 1236086 27.92+247 5458+ 308
NOD 2657070 4327227 67484612  1245£147 4112008  1208£099 29678323 5056+ 3.95
Dectin 2449+ 141  4431£236 6687597 1235£174 4132032 1193£102 3055361 5477 £4.38
NLRP1+3 2473+ 181  4224£227  67.30 + 6.66 181£096  424£015 1150+ 099 2067 £301 5439+ 470
NLRP3 25314182 4191136 6407585  1252+£160 448024  1216£105  27.78+267 5299+ 3.36
NF-KB 366+£032° 596+£055° 570£052° 288£023% 2490499  534£0830°  4.43+036° 892 082°
ERK 634£050° 4486481  4461£422°  426+038%  412£042 1238112  3251£285 5175385
INK 111421120 4412£434 6685586  417+0472  405+£087  11.72+106 8070£272 5549395
P38 MAPK 402+£035° 43364398 6497479  458£034%  455+£031 13031238 2095262 5723421
PLC 1471 £ 1130 4387 £408 68404595 1150+ 106 428041 12854125 80.69+£296  54.75+522
PKC 181110 4142:£412 6592519  1155£114 4122039  1260£130 3133312 5374 £529
PISK 184141240 411543875 65734628  867+0197  423+£043 1874+ 1820 57.72:£4.16° 117.73+ 986°

For the inhibition experiments, monocytes were first incubated for 30 min with inhibitors specific for different PRRs’ or intracellular proteins before addition of the ulvan extract at 25 ug/ml
for 4 h. Data represents the mean + SEM of five independent experiments in duplicate. Different letters indicate statistically significant differences, 3p < 0.05, °p < 0.01, °p < 0.05.
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No inhibitor 46.53 + 1.64 22.12 £ 1.67 88.75 + 3.49 4.08 + 0.1 3.74 £0.16 6.56 + 0.32 513 £0.33
TLR2 18.44 + 2.57° 11.41 + 0.99° 48.46 + 1.19° 1.70 £ 0.16% 1.67 £ 0.19% 2.37 £0.152 2.54 4 0.142
TLR4 13.81 £ 1.459 10.27 + 0.26° 48.29 + 0.75° 1.93 £0.182 1.64 +0.082 222 0212 3.26 4 0.282
TLR2+4 1.46 +0.13° 1.15 + 0.12¢ 1.14 + 0.159 0.96 + 1.10° 092 % 0.10° 214 0272 26140192
TLR4+21 11.50 £ 1.08° 10.67 £ 0.24° 49.97 + 0.76° 1.96 £ 0.252 173 £0.172 2.50 % 0.082 3.08 £ 0.042
TLRO 47.60 £ 1.46 21.61 £ 0.93 83.65 + 6.98 4.015 £ 0.23 3.48 £ 0.26 6.51+0.23 507 £0.38
Cytoplas mic TLR 47.43 £2.11 20.56 £ 2.25 91.73 £ 558 3.87 £ 0.2 351 +£0.20 6.12+£0.28 527 £0.15
NOD 46.75 £ 2.00 19.86 £ 1.13 88,51 £ 4.14 4.006 + 0.28 359 £0.12 6.24 £ 0.42 5.16 £ 0.06
Dectin 47.21 £2.58 21.79 £ 1.61 88.03 + 3.48 4.029 + 0.05 3.88 £ 0.41 6.33 +£0.33 5.28 £ 0.40
NLRP1+43 47.18 £ 2.54 2297 £ 1.82 86.16 + 4.20 410021 3.83 029 6.69 + 0.21 518 +£0.28
NLRP3 47.42 £222 21.70 £ 2.42 865.59 + 3.85 3.86 + 0.26 3.79 £ 0.29 6.32 + 0.22 4.43 £0.75
NF-KB 6.2 + 0640 16,52 £ 1.192 6423 £ 7912 1.84 +0.222 1.81£0.132 243 £0.192 172+ 0132
ERK 7.51 £ 0552 16.59 £ 1.6572 66.51 + 6.45% 1.95 £ 0.102 2.06 £ 0212 6.10 + 0.59 4.36 + 0.40
INK 2.80 + 0.34 18.46 £ 1.79 80.81 £ 7.49 129 £0.142 124 £0.112 6.63 + 0.66 417 £0.38
P38 MAPK 2.92 + 0.04> 2218 + 1.96 86.79 + 9.62 129 +0.142 1.42 £ 0172 42 +031 8.77 £ 0.32
PLC 48.44 £ 4.83 221+165 83.52 + 820 432 +0.41 4.35 £0.37 4.01 £ 0.42 3.36 £ 0.29
PKC 48.83 + 3.39 2354 +£1.78 79.41 £ 7.06 1.07 £ 0.08 4.29 + 0.46 3.86 + 0.37 339+ 0.34
PIBK 3223 £234 23.60 + 1.96 89.94 + 8.40 4.06 £ 0.35 3.60 %035 16.87 & 1.48° 13.56 % 1.66°

Variations are expressed as mRNA fold changes using p-actin as an intemal standard. Heterophils (8 x 10%/mj) were first incubated for 30 min with the inhibitors before addltion of
the ulvan extract at 259/ml for 4 . Data represents the mean = SEM of four independent experiments in triplicate. Letters indicate statistically significant differences with the control
without inhibitor, @p < 0.05,%p < 0.01, °p < 0.005, %p < 0.001.
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IL1p 2h 101 £0.11 1.00 £ 0,092 510+ 046P 1710 1.76° 41023608  p < 0.05 for ulvan 25 pg/mi and 50 pg/mi
4h 099 +0.08 094 +009° 635+ 070P 81274888 9271058

IFN«  2h 1.06 £0.12 1.00 £ 0.142 224 + 0,03° 432+£081° 17611299  p <0.05 for uivan 25 ug/ml and 50 pg/ml
4h 0.94 +0.09 0.98 + 0.102 2.70 + 0.26 16.43 + 1.52¢ 63.29 + 5679
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4h 105 +0.11 1.07 +0.10% 2.06 + 0.22° 3.81 £036° 6.38 + 0,637
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4h 0.98 +0.09 0.97 £ 0.10 1.35 £0.12° 2.57 +0.26° 5.41 £ 0559

TR2  2h 1.06 % 0.09 1.01 % 0.40 1.18 + 0942 201 +0.13° 4.61+082°  p < 0,05 for ulvan 25 ug/mi and 50 pg/ml
ah 099 +009 097 +0.102 1.68 £ 0,120 491+054° 1324 %1309

TLR4  2h 099 + 008 1.00 % 0.10 1.25 £ 0,09 096 + 0.09° 2.62£020°  p < 0.05 for ulvan 26 ug/ml and 50 pg/ml
4h 1.00 £ 0.09 0.97 + 0.08 1.15 + 0.092 2.77 £ 0210 7.58 +0.68°

Variations are expressed as mRNA fold changes using p-actin as an interal standard. Transcription s time- and dose-dependent. Data represents the mean  SEM of five independent
experiments in triplicate. Different letters indicate statistically significant diifferences (a, b, ¢, and d) with p < 0.05 for the same incubation time, different symbols mean statistically
significant differences with p < 0.01 for the same incubation time.
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Inhibitor target

No inhibition
TLR2

TLR4
TLR2+4
TLR4+21
TLR21
Cytoplasmic TLR
NOD

Dectin
NLRP3
NLRP1+3
PKC

TLR2 + PKC
TLR4 + PKC
pLC

TLR2 + PLC
TLR4 + PLC
PI3K
P3BMAPK
INK

ERK

NF-KB

Remaining percentage of
4-methylum-belliferone

release

100.00
48.54 +3.98
52.08 +£5.15
10.08 + 1.34
50.08 + 6.11
98.47 + 4.36
96.45 + 3.17
95.61 £ 3.85
98.72 + 3.26
94.24 + 3.49
98.80 + 3.76

45.783 + 3.26
18.19 £ 4.11
2401 £ 522
58.15 + 3.51
52,99 + 4.88
23.15 £ 5.44
64.85 +£2.79
90.82 + 2.92
90.62 + 4.67
88.41 + 2.49
86.68 + 2.98

‘Statistical significance

p <001
p <001
p <0005
p <001
None
None
None
None
None
None
p <001
P <0005
p <0005
p <001
p <001
p <0005
p <005
None
None
None
None

Remaining percentage of
RFU Fluorescein

100.00
44.75 + 2.49
57.43 £ 3.38

9.45 + 4.62
4858 + 3.44
94.04 + 2.16
96.58 + 2.02
98.52 + 2.35
96.43 + 3.54
95.31 + 2.81
98.84 + 2.64
59.73 + 4.91
28.59 + 3.16
30.97 + 2.89
56.06 + 4.99
25,63 + 395
25.88 + 3.34
79.07 + 5.48
86.96 + 4.74
84.70 + 5.84
85.49 + 3.59
77.69 +9.04

Statistical significance

Heterophils (8 x 10%/m) were fist incubated for 30min with inhibitors specific for different PRRS' or intracellular proteins before addition of the ulvan extract at 25 ug/mi for 4h.
Degranulation was evidenced by the remaining percentage of 4-methylum-bellferone release, the oxidetive burst by the remaining percentage of Fluorescein Relative Fluorescent Units
(RFU). Data represents the mean + SEM of four independent experiments in triplicate.
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Name Target Final Manufacturer
concentration

Chioroquinin ~ Cytoplasmic TLR (7/9/21) 100uM InvivoGen
2-aminopurine TLR4/9/21 and PKR 5mM InvivoGen
OXPAPC TLR2/4 50uM InvivoGen
Polymyxin B TLR4 100pM InvivoGen
Anti-mTLR2-IgG TLR2 0.66nM InvivoGen
'YM201636 TLRO S5uM InvivoGen
Gefitinib NOD (RIP2) 20uM InvivoGen
Piceatannol Dectin 10puM InvivoGen
Glybenclamide NLRP3 50uM InvivoGen
Parthenolide NLRP1/3 40puM InvivoGen
Wortmannin PIBK 40nM Sigma
G 6983 PKC 100nM Sigma
D609 PLC 100pM  Sigma
SB203580 P3BMAPK 40pM InvivoGen
SP600125 INK 50uM InvivoGen
PD98059 ERK 200pM InvivoGen
Calastrol NF-KB 10uM InvivoGen
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