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Conservative pattern of interaction of bat and human IgG antibodies with FcRn
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Recently, numerous studies report bats as reservoirs of emerging pathogens with little to no signs of infections. This is thought to be connected to the unique immune system of bats, which remains poorly characterized. Despite the physiological importance of the Neonatal Fc receptor (FcRn) in the homeostasis of IgG antibodies, it is unclear how its functional activity is evolutionary conservative among mammals, and so is the case for bats. Using surface plasmon resonance-based technology, we tested the interactions of IgG antibodies isolated from three bat species with recombinant human and mouse FcRn. Our data show that IgG from the studied bat species binds to both human and mouse FcRn, albeit with distinct affinities. Importantly, the binding pattern of bat IgG is similar to human IgG. This confirms the conservative nature of IgG-FcRn interaction and highlights the importance of FcRn IgG salvaging system in bats.

Introduction

Chiroptera (bats) is the second most diverse order of mammals. Species from this order have been recently identified as important model organisms due to the unique properties of their immune system. Various idiosyncratic properties of immune system of bats have been reported in the literature [START_REF] Banerjee | Novel Insights Into Immune Systems of Bats[END_REF][START_REF] Irving | Lessons from the host defences of bats, a unique viral reservoir[END_REF][START_REF] Letko | Bat-borne virus diversity, spillover and emergence[END_REF]. They include a particular organization and regulation of interferon (IFN) pathways and IFN-signalling [START_REF] Banerjee | Novel Insights Into Immune Systems of Bats[END_REF][START_REF] Irving | Lessons from the host defences of bats, a unique viral reservoir[END_REF][START_REF] Letko | Bat-borne virus diversity, spillover and emergence[END_REF]; dampened pro-inflammatory responses mediated by inflammasome [START_REF] Ahn | Dampened NLRP3-mediated inflammation in bats and implications for a special viral reservoir host[END_REF][START_REF] Goh | Complementary regulation of caspase-1 and IL-1beta reveals additional mechanisms of dampened inflammation in bats[END_REF]; impaired responses to DNA due to absence of PYHIN genes and a mutation in the adaptor protein STING [START_REF] Ahn | Unique Loss of the PYHIN Gene Family in Bats Amongst Mammals: Implications for Inflammasome Sensing[END_REF][START_REF] Xie | Dampened STING-Dependent Interferon Activation in Bats[END_REF]; higher levels of inhibitory receptors on NK cells; more diverse set of MHC I genes [START_REF] Pavlovich | The Egyptian Rousette Genome Reveals Unexpected Features of Bat Antiviral Immunity[END_REF], and different ratios of immune cells in circulation as compared to other mammals [START_REF] Martinez Gomez | Phenotypic and functional characterization of the major lymphocyte populations in the fruit-eating bat Pteropus alecto[END_REF][START_REF] Periasamy | Studies on B Cells in the Fruit-Eating Black Flying Fox (Pteropus alecto)[END_REF]. Generally immune response in bats against viruses have a tendency to be skewed towards tolerance rather than inducing strong inflammatory reactions, as it is observed in rodents and humans [START_REF] Irving | Lessons from the host defences of bats, a unique viral reservoir[END_REF]. These balanced innate inflammatory responses were proposed to appear as result of evolution of powered flight in bats.

Notably, there is a long co-evolution of bats and pathogens. Moreover, bats are recognized as reservoirs of emerging pathogens, a fact that can be explained by their ostensible tolerance to viral infections and other particularities of their immune system [START_REF] Banerjee | Novel Insights Into Immune Systems of Bats[END_REF][START_REF] Irving | Lessons from the host defences of bats, a unique viral reservoir[END_REF][START_REF] Letko | Bat-borne virus diversity, spillover and emergence[END_REF]. Despite this, the adaptive immune response of bats, which is necessary for building long-term immunity and resistance to viral infections, remains poorly characterized. Some studies have reported that antibody responses in bats are not stable and the plasma antibody titers are rapidly waning [START_REF] Hatten | Immune response in chiroptera to bacteriophage phi-X174[END_REF][START_REF] Schuh | Egyptian rousette bats maintain long-term protective immunity against Marburg virus infection despite diminished antibody levels[END_REF]. In addition, the presence of neutralizing antibodies might not be essential for control of certain viral infections [START_REF] Schuh | Antibody-Mediated Virus Neutralization Is Not a Universal Mechanism of Marburg, Ebola, or Sosuga Virus Clearance in Egyptian Rousette Bats[END_REF][START_REF] Schuh | Egyptian rousette bats maintain long-term protective immunity against Marburg virus infection despite diminished antibody levels[END_REF]. On the other side it was found that bats have a higher diversity of gene segments encoding variable domain of their immunoglobulins as compared to the gene diversity in human [START_REF] Bratsch | The little brown bat, M. lucifugus, displays a highly diverse V H, D H and J H repertoire but little evidence of somatic hypermutation[END_REF]. A better understanding of the molecular and cellular interactions that compose the immune system of bats would significantly advance knowledge on the diversity and evolution of pathogen defence mechanisms in mammals. So far, the major isotypes of antibodies (Abs), immunoglobulin IgM, IgG, IgA, IgE, and IgD have been detected in several bat species [START_REF] Baker | Immunoglobulin heavy chain diversity in Pteropid bats: evidence for a diverse and highly specific antigen binding repertoire[END_REF][START_REF] Butler | The two suborders of chiropterans have the canonical heavy-chain immunoglobulin (Ig) gene repertoire of eutherian mammals[END_REF][START_REF] Chakravarty | Immunofluorescence analysis of immunoglobulin bearing lymphocytes in the Indian fruit bat: Pteropus giganteus[END_REF]. IgG is the most abundant class of Ab in the serum of mammals. IgG antibodies are product of antigen-specific immune responses and they are crucial for humoral immune defence against pathogens [START_REF] Lu | Beyond binding: antibody effector functions in infectious diseases[END_REF]. IgG is the only class of Ab that is known to be transferred from the mother to the offspring during the foetal development. This transfer occurs due to the specific interaction of IgG with the neonatal Fc receptor (FcRn) [START_REF] Roopenian | FcRn: the neonatal Fc receptor comes of age[END_REF]. Besides transferring humoral protection to neonates, FcRn has other important biological functions. Like so, it is involved in rescuing IgG (and albumin) from degradation in the lysosomes after pinocytosis by endothelial cells. This function of FcRn explains the considerably prolonged half-life of IgG and albumin (21 days in humans), as compared to other immunoglobulin isotypes or other plasma proteins [START_REF] Roopenian | FcRn: the neonatal Fc receptor comes of age[END_REF][START_REF] Ward | Chapter 4: Multitasking by exploitation of intracellular transport functions the many faces of FcRn[END_REF]. In addition to its functions in transplacental transfer and extension of circulatory half-life of IgG, FcRn plays a role in the phagocytosis of antigen-IgG immune-complexes and presentation of antigens by professional antigen-presenting cells [START_REF] Baker | Neonatal Fc receptor expression in dendritic cells mediates protective immunity against colorectal cancer[END_REF][START_REF] Stapleton | The multiple facets of FcRn in immunity[END_REF][START_REF] Vidarsson | FcRn: an IgG receptor on phagocytes with a novel role in phagocytosis[END_REF].

There are reports that FcRn is involved in the recycling and extension of the half-life of IgG in many mammals [START_REF] Catunda Lemos | Characterization of the rabbit neonatal Fc receptor (FcRn) and analyzing the immunophenotype of the transgenic rabbits that overexpresses FcRn[END_REF][START_REF] Ward | Chapter 4: Multitasking by exploitation of intracellular transport functions the many faces of FcRn[END_REF]. However, little is known about this receptor in bats. It is unclear how evolutionary conservative and consistent the functions of FcRn are among mammals. The goal of the present study was to provide qualitative data that can contribute to characterization of the axis IgG-FcRn in bats. We isolated IgG from three European bat species (Myotis myotis, Myotis capaccinii, and Nyctalus noctula) and tested their interactions with recombinant human and mouse FcRn, using surface plasmon resonance-based technology. Our data revealed that IgG molecules from all studied bat species bind to human and mouse FcRn, albeit with distinct affinities and kinetics profiles. Importantly, the study revealed that the interaction of bat IgG with human FcRn was similar to that between human IgG and human FcRn. These data could be explained by the higher level of sequence homology between human and bat FcRn. To our knowledge, this is the first in vitro validation of the interaction of bat IgG with FcRn. Our study confirms the conservative nature of IgG antibodies in terms of their capacity to interact with FcRn. These data might contribute to a better understanding of humoral immune response in bats and the evolution of the FcRn receptor system in mammals.

Materials and methods

Sample collection

We conducted surveys in May and June 2022 in two Bulgarian caves: Ivanova voda (N41.894, E24.880) and Devetashata peshtera (N43.233, E24.885). From the first roost, we collected samples from greater moused-eared bats (Myotis myotis) (n=31) and long-fingered bats (Myotis capaccinii) (n=20). From the second roost, we collected samples from common noctule bats (Nyctalus noctula) (n=18). Bats were caught at the cave entrance at sunset using a harp trap and mist nets, then they were kept in individual cotton bags until processing. Their sex, size, weight, and approximate age were noted. Blood samples were taken from the uropatagium vein by puncturing it with a sterile disposable insulin needle and collecting the few drops of leaked blood using a pipette with sterile disposable tips. Blood sampling of this kind should not affect the survival rates of bats [START_REF] Wimsatt | Anesthesia and blood sampling of wild big brown bats (eptesicus fuscus) with an assessment of impacts on survival[END_REF]. Serum was separated from coagulated blood by centrifugation and frozen immediately at -20℃. To obtain enough material for the experiments, pools of sera from up to 10 individuals were prepared. We followed all ethical requirements for working with bats and we used appropriate personal protective equipment. The research was carried out under two permits by the Bulgarian Biodiversity Act (No 830/19.09.2020 and No 927/04.04.2022). Additionally, blood samples were obtained from four anonymized healthy human donors under the ethical convention between INSERM with Etablissement Français du Sang (15/EFS/012). Prior to IgG purification, bat samples were processed in a L2 lab.

IgG purification

IgG from humans and bats was purified using MelonTM Gel IgG Spin Purification Kit (Thermo Fischer Scientific, Waltham, MA) according to the protocol recommended by the manufacturer, with the exception that centrifugation was performed for 30 instead of 10 sec. The concentration of purified samples was estimated by a Nanodrop spectrophotometer (Thermo Fischer Scientific).

To confirm the presence of IgG, a small fraction of the samples was separated on a Nu-PAGE 4-12% bis-tris gel electrophoresis, with or without a reducing agent (β-mercaptoethanol)., Proteins from the gel were then transferred to a nitrocellulose membrane using an electrotransfer machine (i-Blot, Invitrogen, Thermo Fischer Scientific) and blocked overnight with PBS containing 0.1 % Tween 20. The membranes were then probed with biotinylated Protein G (Thermo Fischer Scientific). Following extensive washing of the membranes with PBS containing 0.1% Tween 20, the bound protein G was detected by streptavidin conjugated with alkaline phosphatase (Southern Biotech, Birmingham, AL) and BCIP/NBT substrate system (Sigma-Aldrich, St. Louis, MI).

Surface plasmon resonance analyses

We analysed the binding kinetics of human and bat IgGs with hFcRn and mFcRn using surface plasmon resonance-based technology (Biacore 2000 system: Biacore Cytiva, Uppsala, Sweden).

We immobilized with uniform orientation recombinant human and mouse FcRn receptors on a sensor chip, via binding of site-specifically biotinylated receptors (Immunitrack; see (Andersen et al., 2008a;Andersen et al., 2008b)) to pre-immobilized streptavidin. To evaluate the kinetics of binding of IgG from different bat species, we measured the real-time interaction binding profiles obtained after injection of increasing concentrations of IgG, following the experimental procedure as described in [START_REF] Rossini | V Region of IgG Controls the Molecular Properties of the Binding Site for Neonatal Fc Receptor[END_REF] with some modifications. In brief, hFcRn and mFcRn were diluted to 10 µg/ml in running buffer (100 mM Tris pH 6.0, 100 mM NaCl, and 0.1 % Tween 20) and immobilized on SA sensor chip (Biacore Cytiva) with density of ca. 2 ng/mm 2 . We performed these analyses at pH 6.0, a pH value of early endosomes, where the interaction of FcRn with IgG molecules typically occurs. Human and bat IgG was diluted in the running buffer in concentration range 50 -0.097 nM (2 × dilution step) and injected over the sensor surface with a flow rate of 30 µl/min. The association and dissociation phases were followed for 4 and 5 min, respectively. After each injection, the sensor surface was regenerated by injection for 30 sec of solution of the running buffer with pH 7.8. All kinetic measurements were performed at 22 °C. The binding kinetics of bat and human IgG to mFcRn and hFcRn was evaluated by applying global analyses using Langmuir binding model BIAevaluation version 4.1.1 Software (Biacore). For measuring binding of human and bat IgGs to FcRn at physiological pH, we used the same running and sample dilution buffer, but with pH 7.4. Human and bat IgGs were diluted to a single concentration of 50 nM and injected over the sensor chip with pre-coated mFcRn and hFcRn. The association and dissociation phases were recorded for 4 and 5 min, respectively.

Protein sequence homology analyses

To understand better the functional similarity between bat and human IgG in terms of binding to FcRn, we performed protein sequence homology analyses using the UniProt Align tool, https://www.uniprot.org/ (UniProt, 2021).

Results and discussion

Bat IgG purification

Here we report a successful application of Melon TM IgG purification system (Thermo Fischer) for the isolation of total IgG from sera of three European bat species: Myotis capaccinii, Myotis myotis, and Nyctalus noctula. The yield and purity of IgG were similar for the different bat species and for humans. This is an important observation demonstrating the feasibility of Melon TM system for purification of IgG from bats. Additionally, we successfully detected isolated bat IgG using Protein G, the strength of the detection signal being like this of human IgG. As Protein G recognises IgGs from a variety of mammal species, this system is very useful for experiments aiming interspecies comparison.

Bat IgG -FcRn interaction

To assess the interaction of bat IgG with human and mouse FcRn receptors, we applied surface plasmon resonance-based biosensor technology. To our knowledge, this is the first study where the binding to FcRn was investigated for bat IgGs. The interaction analyses clearly indicated that both human and mouse FcRn could bind with substantial affinities to IgG isolated from Myotis capaccinii, Myotis myotis, and Nyctalus noctula (Fig. 1A). This result provides important evidence about the conservative nature of IgG -FcRn interaction in mammals and suggests that bat IgG can also be protected from catabolism by FcRn and thereby characterized with a long half-life as is the case in other mammals.

The binding profiles from biosensor analyses indicated that mouse FcRn (mFcRn) binds bat and human IgGs with a higher intensity as compared to human FcRn (hFcRn) (Fig. 1A). Similar tendency was observed while studying the interactions of human IgG. Next, by applying global kinetic analyses we evaluated the kinetic parameters and the binding affinities (KD values) of the interactions of bat and human IgG with mFcRn and hFcRn (Fig. 1B). These analyses demonstrated that IgG from the three studied bat species bind to hFcRn with high affinities (KD ranging between ca. 10 -18 nM) and with very similar kinetics. These values were slightly lower than the one detected for binding of human IgG to hFcRn (KD of 4 nM) but they are well within the broad range of values of affinity (KD from µM to sub nM) reported in the literature [START_REF] Grevys | A human endothelial cell-based recycling assay for screening of FcRn targeted molecules[END_REF][START_REF] Piche-Nicholas | Changes in complementarity-determining regions significantly alter IgG binding to the neonatal Fc receptor (FcRn) and pharmacokinetics[END_REF][START_REF] Rossini | V Region of IgG Controls the Molecular Properties of the Binding Site for Neonatal Fc Receptor[END_REF][START_REF] Schoch | Charge-mediated influence of the antibody variable domain on FcRn-dependent pharmacokinetics[END_REF][START_REF] Sun | Antigen physiochemical properties allosterically effect the IgG Fc-region and Fc neonatal receptor affinity[END_REF][START_REF] Wang | Monoclonal antibodies with identical Fc sequences can bind to FcRn differentially with pharmacokinetic consequences[END_REF].

The binding of IgG isolated from different bat species to mFcRn was characterized by a higher affinity than the binding to hFcRn. Thus, the obtained values of KD were in the range of 1.1 to 2.8 nM (Fig. 1B). The binding affinity of human IgG was also considerably higher when binding to mFcRn as compared to hFcRn. The kinetic analyses revealed that the observed differences in the affinity between FcRn receptors from mouse and human were due to differences in the value of the dissociation rate constants. Indeed, the IgG molecules from different bat species and human IgG bind both hFcRn and mFcRn with almost identical values of ka. In contrast, the dissociation rate constant of IgGs from mFcRn was substantially lower (at least an order of difference, Fig. 1).

The observation that at acidic pH mFcRn binds with a higher affinity human IgG than hFcRn confirms previous findings from the literature [START_REF] Abdiche | The neonatal Fc receptor (FcRn) binds independently to both sites of the IgG homodimer with identical affinity[END_REF]. Interestingly, our work revealed that this effect is also present in the case of IgG antibodies from different species of bats.

The increased affinity of mFcRn for IgG from distinct species could be explained by specific structural and physicochemical features of the receptor. It also strongly implied that bat IgGs prove to be functionally conservative in respect to binding to FcRn. These data suggest that model systems with hFcRn may be more relevant for studies of bat IgG as compared to cells of mouse origin. In this respect, it was found that the transgenic mouse model expressing hFcRn is relevant model for studying pharmacokinetics of human IgG [START_REF] Avery | Utility of a human FcRn transgenic mouse model in drug discovery for early assessment and prediction of human pharmacokinetics of monoclonal antibodies[END_REF]. These transgenic mice might be a relevant tool for in vivo studies with bat IgG antibodies.

Efficient salvaging of IgG by FcRn requires that the receptor binds IgG at acidic pH (pH <6.5) and releases its cargo at physiological pH (pH 7.4) [START_REF] Roopenian | FcRn: the neonatal Fc receptor comes of age[END_REF]. Accordingly, previous works demonstrated that IgG antibodies that bind to FcRn with high-affinities both at acidic and physiological pH are characterized by a shortened half-life in circulation due to their retention to FcRn and subsequent endosomal degradation [START_REF] Schoch | Charge-mediated influence of the antibody variable domain on FcRn-dependent pharmacokinetics[END_REF]. To elucidate whether the binding of bat IgGs to FcRn follows the typical pH dependency, we compared the interactions at pH 6.0 and pH 7.4 (Fig. 1C) using real-time binding analyses. The obtained data indicated that human and bat IgG almost completely lost their capacity to bind hFcRn at physiological pH. In contrast, substantially higher amounts of IgG (as deduced by higher remaining resonance units at the end of the association phase of interactions) were retained by mFcRn at physiological pH, especially in the case of IgG from M. capaccinii and N. noctula (Fig. 1C). This result implies that bat IgG can be efficiently recycled by hFcRn, similar to human IgG, but not by mFcRn.

Protein sequence homology analyses

To understand the origin of the observed differences in the interaction of bat IgG with hFcRn and mFcRn, we performed sequence homology analyses of FcRn receptors from different species. We performed the homology analyses using a sequence of FcRn from only one bat species (M. myotis), as sequences of FcRn are not available for the other two bat species used in the present study.

These analyses demonstrated that FcRn receptors of bats (M. myotis), mice (M. musculus) and humans are characterized by relatively high sequence homology (Figure 2). The highest sequence homology i.e., 70.62 %, was observed between human and bat FcRn, while human and mouse FcRn are characterized by a sequence homology of 66.39 %. On the other hand, the sequence homology between the bat and the mouse FcRn was the lowest, 63.35 %. A higher level of sequence homology between bat and human FcRn can explain the observed similarity in the binding behaviour to FcRn receptors IgG antibodies from these species. These data also suggest that the bat IgG can be recycled and characterized with long half-life similarly as human IgG.

Notably, a comparative analysis of the expression patterns of immune-related genes in different immune cells isolated from human, mouse and cave nectar bat (Eonycteris spelaea), revealed a higher phylogenetic similarity between human and bat than between human and mice immune cells [START_REF] Gamage | Immunophenotyping monocytes, macrophages and granulocytes in the Pteropodid bat Eonycteris spelaea[END_REF]. Our study provides an additional example for a functional similarity in human and bats of an essential immune-related molecular system.

Concluding remarks

The conservative nature of the interaction of IgG with FcRn in different species of mammals underlines its importance in the evolution of the immune system. The versatile biological functions of FcRn, ranging from transfer of protective IgG antibodies from mother to offspring, extension of the circulatory half-life of IgG and albumin, presentation of antigens, to the establishment of immune tolerance, makes this receptor an essential and indispensable component of the immune system. Our study provides evidence that FcRn-IgG interaction is conservative in the evolution.

The data also suggest that this interaction may play an important role in the immune system of bats. Further studies should be dedicated on cloning and expression of recombinant bat FcRn receptors and functional characterization of their interaction with bat IgG. In addition, we show that the usage of human cell lines or transgenic mice with human FcRn may be a more relevant model for the study of bat IgG antibodies as compared to cells with murine origin. Lastly, bats are mammals with unusually high resistance to viral infections and are considered reservoirs of various pathogens that can seriously affect humans. Thus, advancing our knowledge of bat humoral immune system might be valuable for protecting public health in the future. 
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