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Abstract

Bats are unique among mammals given their ability to fly, apparent tolerance of deadly
viruses and extraordinary longevity. We propose that these traits are linked and driven by
adaptations of the innate immune system. To explore this hypothesis we challenged
macrophages from the greater mouse-eared bat, Myotis myotis and the house mouse, Mus
musculus with Toll Like Receptors (TLRs) ligands, lipopolysaccharides, LPS and
polyinosinic-polycytidylic acid, Poly(l:C). Macrophages from both species presented a high
level of mRNA induction of inferon g (INF-£), tumor necrosis factor (TNF) and interleukin-
14 (1l-15). However, in bat macrophages, this antiviral, proinflammatory response was
balanced by a sustained high-level transcription of the anti-inflammatory cytokine 11-10,
which was not observed in mouse, potentially resulting from adaptive regulation in bats.
Additionally, phylogenomic selection tests across the basal divergences in mammals (n = 39)
uncovered bat-specific adaptations in six genes involved in antiviral and proinflammatory
signalling. Based on this pilot study, we put forward a hypothesis that bats may have evolved
unique anti-inflammatory responses to neutralize proinflammatory stimuli resulting from
flight. This in turn may drive their extraordinary longevity and viral tolerance by limiting
inflammation driven ageing and infection-induced immunopathology. Further data from
other individuals and bat species are required to advance this intriguing hypothesis.

Keywords: longevity, bat, viral response, phylogenetics, immune system evolution

Introduction:

Bats are the only mammals capable of powered flight, can tolerate deadly viruses and show
exceptional longevity (Austad, 2010; Healy et al., 2014; Brook and Dobson, 2015).
Potentially these adaptations are linked, but the mechanisms behind this connection are
currently unknown (O'Shea et al., 2014). The demanding energetics of flight is linked with an
increased risk of generating reactive oxygen species (Buffenstein et al., 2008; O'Shea et al.,
2014). Resulting oxidative stress can cause inflammation by stimulating an inflammasome
(Franceschi and Campisi, 2014) and has been associated with chronic immune disorders
(Lood et al., 2016), cancer (Sabharwal and Schumacker, 2014) and cellular ageing
(Franceschi and Campisi, 2014). However, bats seem to defy ‘rate of living’ hypotheses, with



some species living up to 10 times longer than expected given their body size (Austad, 2010;
Healy et al., 2014; Munshi-South and Wilkinson, 2010).

During flight, bats exhibit a very high (15-16 fold) increase in metabolic rate
(Speakman and Thomas, 2003). In mice, breeding directed at higher metabolic rates resulted
in stronger immune responses to immune challenges (Ksigzek and Konarzewski, 2012). Also
it has been previously suggested that flight in bats evolved in tandem with adaptations of
their innate immune system (Zhang et al., 2013). Potentially, bats may have evolved the
ability to prevent excessive activation of their immune responses as a protective mechanism
against the consequences of their flight induced high metabolic rate, which in turn could lead
to both their extended longevity and tolerance of viral infections. Inflammation is a driving
factor of ageing process (Franceschi and Campisi, 2014) and the innate immune system is the
first line of host defence during infection playing a crucial role in the early recognition and
subsequent activation of a proinflammatory response to invading pathogens (Medzhitov and
Janeway, 2000). The excessive or uncontrolled release of proinflammatory cytokines in
response to infection, a ‘cytokine storm’, can lead to tissue damage (Tisoncik et al., 2012).
Therefore, the difference between surviving or dying from an acute infection depends on how
quickly the host can dampen the initial pathogenic response and return to homeostasis before
damage occurs (Rouse and Sehrawat, 2010). The mechanism underlying the shift in cytokine
profile is currently unclear and is still under investigation.

Bats are considered the natural reservoir for multiple, highly pathogenic zoonotic
viruses e.g. Ebola, SARS-CoV, MERS-CoV, rabies (O'Shea et al., 2014; Brook and Dobson,
2015; Weyer et al., 2015). A true natural reservoir can host the virus with little to no
pathological effects (Weyer et al., 2015). Indeed, a fruit bat, Eidolon helvum, which tested
positive for Ebola antibodies was tracked after 13 months without any clinical signs of
infection (Hayman et al., 2010; Weyer et al., 2015). Bats show also no documented
pathology in response to a number of non-viral intracellular pathogens, including some
bacteria (Bartonella spp.) (Kosoy et al., 2010), fungi (Histoplasma capsulatum) (Greer and
McMurray, 1981), and protozoa (Plasmodium spp.) (Schaer et al., 2013). By contrast,
pathogens that predominantly occupy the extracellular space (e.g. Borellia spp. or
Pseudogymnoascus destructans) typically cause pathology in bats (reviewed Brook and
Dobson, 2015). Protection against intracellular pathogens is primarily orchestrated by cell-
mediated immune responses via cytokine networks (Nath, 2001). Therefore, bats’ tolerance to

these pathogens could be explained by their ability to finely tune the balance of cytokine



responses, which may have arisen as an adaptation to deal with the cellular damage induced
by their flight driven high metabolic rate.

We hypothesize that bats may have evolved unique anti-inflammatory responses to
deal with high levels of flight induced metabolic stress. This in turn would slow down
inflammation and inflammation driven ageing, resulting in extraordinary longevity. This
potent anti-inflammatory response, could also limit infection-induced immunopathology, by
preventing excessive release of proinflammatory mediators, and create a niche for pathogen
persistence explaining why bats are asymptomatic reservoirs for deadly viruses and other
intracellular pathogens.

We tested this hypothesis using regulators of innate immune system, macrophages
(Kelly and O'Neill, 2015). Mus musculus (mouse) and Myotis myotis (bat) macrophages were
challenged with synthetic Toll-Like Receptor (TLR) ligands, lipopolysaccharides, LPS and
polyinosinic-polycytidylic acid, Poly(l:C), and the levels of representative proinflammatory
and anti-inflammatory cytokines mMRNAs were assayed with gPCR. Broadly, LPS is a major
outer surface membrane components present in almost all Gram-negative bacteria and
mimics a bacterial infection by stimulating TLR4 receptor on the cell surface, and Polyl:C is
structurally similar to double-stranded RNA and mimics a viral infection via intracellular,
endosomal TLR3 stimulation. As expected, both bat and mouse macrophages mounted a
rapid antiviral (interferon p, INF-f) and proinflammatory response (interleukin-/p, 1l-1$ and
tumour necrosis factor, TNF). However, in M. myotis this response was linked with sustained
high levels of transcription of immunoregulatory interleukin-10 (11-10), suggesting that
during infection, bats can rapidly restore homeostasis and dampen inflammation through
increased production of anti-inflammatory mediators. In line with this hypothesis, the
production of high levels of nitric oxide (NO), which is typical for stimulated mouse
macrophages and may contribute to oxidative tissue damage during immune response, has
not been observed in bats. Our phylogenomic selection tests also detected evidence of

positive selection acting on innate immune system genes in bats.

Materials and Methods

Macrophage growth condition and treatments:

An approximately 1 month old female M. myotis was euthanized at a bat rescue centre and
subsequently used in the present study under permit. The bat was missing all fingers and
plagiopatagium on the left wing, either given a birth defect or a healed trauma and therefore

could never fly. Otherwise she was apparently healthy (forearm length=57.4 mm; weight =



17.3 g) having been feed by her mother. Its long bones (femurs and humerus) were kept at
4°C in the culture medium (Dulbecco’s MEM high glucose with stabilized glutamine,
Biochrom/Merck, 20% FBS, Gibco) supplemented with 1 % antibiotics mix (Penicillin-
Streptomycin-Fungizone, Lonza BioWhittaker™) and 50 pg/ml gentamicin (Lonza
BioWhittaker™), and delivered to the lab within two days. Murine bone marrow derived
macrophageswere isolated from C57BL/6 young female mice from Harlan UK. All
experiments were carried out with prior ethical approval from Trinity College Dublin Animal
Research Ethics Committee. Bone marrow from C57BL/6 mice (n = 2) as well as from M.
myotis (MMY2607) was differentiated into macrophages as previously described (Tannahill
et al., 2013). Briefly, the bones were cut in an aseptic environment at the ends and the bone
marrow was flushed out with PBS using a 23 gauge needle. Compared to murine bone
marrow, upon visual inspection, the M. myotis bone marrow had higher fat content, but was
otherwise similar. The bone marrow was dissociated into single cells by pipetting and then
centrifuged for 5 min at 1500 rpm. The cell pellet was resuspended in Red Blood Cell Lysing
Buffer Hybri-Max (Sigma) and incubated for 5 min at room temperature. Dulbecco’s
Modified Eagle Medium (DMEM) was added and cells pelleted again. Finally the cells were
resuspended in DMEM supplemented with 10% fetal calf serum (FCS), 1%
penicillin/streptomycin (P/S) and 30% L929 mouse fibroblast supernatant as a source of M-
CSF. For the bat bone marrow, 1/8 was plated into one 10 cm non-tissue culture coated petri
dish in 10 ml. After 3 days, an extra 10% L929 supernatant was added. Cells were harvested
after 7 days by scraping in ice-cold PBS. Cells were then replated at a concentration of 5x10°
cells per ml and used for experiments the following day. During the first experimental repeat,
cells were seeded in 24-well plate at a density of 2.5x10° cells/well. During the second
experimental repeat, due to limited amount of M. myotis bone marrow available, cells were
seeded in 48-well plate at a density of 1.25x10° cells/well. TLR ligands used for bat and
mouse bone marrow derived macrophages in vitro studies were LPS from Escherichia coli,
serotype EH100 (Alexis), used at concentration of 100 ng/ml, and LMW Poly (1:C) tirl-picw

(InvivoGen), used at a concentration 33 pg/ml.

RT PCR:

Total RNA was extracted from cells using Qiagen RNeasy extraction kit. Cells were lysed in
RLT buffer at indicated time points and stored at -80°C until total RNA extraction according
to the manufacturer’s instructions. The extracted RNA was treated with DNase to remove

genomic DNA contamination (Ambion DNase kit), and cDNA was synthesized by the use of



ThermoScientific first-strand cDNA synthesis kit according to the manufacturer’s
instructions. Real-time PCR was carried out on Stratagene Mx3000p thermocycler using
KAPA SYBR® FAST Universal master mix according to manufacturer’s instructions.
Reaction conditions were: 3 min 95°C, 40 cycles: 5s at 95°C, 30s 60°C, melting curve
analysis: 1 min at 95°C, 30s 60°C, 30s at 95°C. Relative transcript levels were calculated by
the AACt method (Livak and Schmittgen, 2001) using actin beta as an internal control to
which all transcripts were normalized. Myotis myotis specific primers were designed based on
cDNA sequences retrieved from blood transcriptome data (Huang et al., 2016) and/or M.
myotis genome assembly (Foley, N.M., G.M. Hughes, Z. Huang, M. Clarke, D. Jebb, C. V.
Whelan, E. J. Petit, F. Touzalin, O. Farcy, G. Jones, R. D. Ransome, M. J. O’Connell, G.
Kerth, H. Rebelo, L. Rodrigues, S. J. Puechmaille and E. C. Teeling; unpublished data).
Primer3 plus was used for design of Myotis myotis and mouse gPCR primers unless otherwise

stated (Untergasser et al., 2012). Primer sequences are provided in Table S1.

Analysis of available literature data for pig, human and mouse:

Microarray studies employing primary bone marrow derived (pig, mouse) and monocyte
derived (human) macrophages challenged with LPS for 24 hr were selected based on
literature and GEO NCBI search. The ratios between fold induction of anti-inflammatory II-
10 and proinflammatory TNF were calculated based on GSE datasets/ supplementary material
provided by the authors. Details of the analysed studies are summarized in Table S2.

Nitric oxide determination by Griess reaction:

Nitric oxide (NO) concentration was measured in cell culture supernatants using Griess
Reagent System (Promega) according to manufacturer’s instructions. The Griess method
measures nitrite, which is a stable breakdown product of NO. Briefly, 200 ul of culture
supernatant was mixed with 1300 pl of distilled water, followed by addition of 250 pl of
sulphanilamide. After 5 minutes, 250 ul of N-1-naphthylethylenediamine dihydrochloride
was added. 10 min later, absorbance was measured at 540 nm in 1.5 ml cuvettes (UVmini-
1240 spectrophotometer, Shimadzu) and concentration of NO in the supernatant was

determined using a dilution curve prepared with sodium nitrite standard.

Statistical analysis:
For each treatment, LPS and Poly(l:C), data were collected and analysed by 2-way ANOVA

with time and species as factors. Presented p-values indicate the significance of the species



effect. Statistical analyses were performed using the GraphPad PRISM software (GraphPad

Software, Inc).

Positive selection tests:
Selection tests were performed on 12 immune genes involved in sensing viral infection and
activation of the innate antiviral and proinflammatory signalling cascade. Annotated gene
sequences for CASP1, RIG-I, IFN-p, IL-10, IL-18, IL-1p, IRF3, NLRP3, ASC, TBK1, STING
and TNF were downloaded from GenBank (Benson et al., 2015) for a range of mammalian
species. These data represented 12 mammalian orders, with species from all four eutherian
superorders, spanning more than 100 million years of mammalian evolution (derived from
Meredith et al., 2011; laurasiatherian topology based on Foley et al., 2016; Myotis toplogy
based on Ruedi et al., 2013) (Fig. S1). Coding sequences for each gene in the exceptionally
long-lived bat M. myotis were mined from unpublished genome assembly (authors’
unpublished data) using BLASTN (Altschul et al., 1990) and the closely related Myotis
lucifugus as a reference. A total of six bat species were included: Myotis lucifugus, Myotis
myotis, Myotis brandtii and Eptesicus fuscus representing the echolocating Vespertilionidae
and Pteropus vampyrus and Pteropus alecto representing the non-echolocating Pteropodidae.
Translated amino acid sequences for each gene set were aligned using MUSCLE
(Edgar, 2004). Genes showing more than 30% gaps per alignment (potentially due to poor
genome assembly, coverage or annotation) were excluded from further selection analysis.
The number of taxa per alignment ranged from n =36-39 Codon alignments for each gene
were generated with Pal2Nal (Suyama et al., 2006) (see Supplementary Information).
Signatures of selection were investigated using the CODEML program as part of the PAML
suite of software (Yang, 2007). As CODEML requires a user input tree, a mammalian species
tree based on Meredith et al. (2011), Foley et al. (2016) and Ruedi et al. (2013) was
generated for each alignment. CODEML is designed to calculate likelihood-derived dN/dS
rates (w), where dN is defined as a number of non-synonymous substitutions per non-
synonymous sites and dS is a number of synonymous substitutions per synonymous sites.
Specifically, site models M7 (null) versus M8 (alternative) and branch-site models model Al
(null) versus model A (alternative) were implemented in this study. Model M7 assumes o <1
(neutral or purifying selection) per site compared to M8, which allows sites under positive
selection (o >1). Branch-site model A1 constrains foreground and background branches to ®
<1, while the alternative model A allows positive selection in the foreground branch. For all

alignments, the bat ancestral branch was designated as foreground branch. Likelihood ratio



tests (LRTs) were performed comparing null and alternative models using a chi-squared
distribution. Significant sites under positive selection were predicted using Bayesian
empirical Bayes (BEB) values (Yang et al., 2005). Correction for multiple testing of related
hypotheses on the same data set was performed as described in Kirwan et al. (2013). Briefly,
tests have been grouped into families of related tests with one family defined for each of
CASP1, RIG-I, IFN-B, IL-10, IL-18, IL-18, IRF3, NLRP3, ASC, TBK1, STING and TNF.
Then, the false-discovery rate procedure of Benjamini and Hochberg (1995) was applied to
all the members of a given hypothesis family using the program R (R Core Team, 2016).

Results

Myotis myotis and Mus musculus macrophages respond differently to LPS and Poly(l:C)
challenge

L929 mouse conditioned medium containing murine macrophage colony stimulating factor-1
(M-CSF) was successfully used to induce M. myotis macrophage growth. Even though a
smaller proportion of M. myotis bone marrow cells were alive after 7 days of differentiation
compared to mouse bone marrow, M. myotis bone marrow-derived cells were
indistinguishable in terms of size and shape to their murine counterparts. Bone marrow
derived macrophages of M. myotis and M. musculus were treated with synthetic TLRs
ligands, LPS and Poly(I:C). RNA was isolated at 1, 4, 24 hr time points and changes of pro-
and anti-inflammatory cytokine genes expression were measured using gPCR. Both mouse
and M. myotis macrophages mounted a potent antiviral and proinflammatory response, as
demonstrated by induction of interferon-p (IFN-5), interleukin-1p (11-7f) and tumor necrosis
factor (TNF) by both treatments (Fig. 1A,B,C). Myotis myotis macrophages also elicited a
rapid anti-inflammatory response, showing significantly higher and persistent induction of
interleukin-10 (11-10) compared to mouse. Notably, the mouse macrophages elicited a higher
induction of Il-74 , which is an acute-phase signalling proinflammatory cytokine (Guarda et
al., 2011) in response to potent TLR ligand LPS. The ratio between fold induction of anti-
inflammatory 11-10 and proinflammatory TNF or Il-14 was higher in M. myotis compared to
mouse, especially after 24 hr of the LPS or Poly(l:C) treatment (Fig. 1 E,F). 1I-10/TNF
MRNA induction ratios derived from previous literature studies of pig, human and mouse
macrophages treated with LPS for 24 hr are also presented (Fig. 1G). Moreover, mouse, but
not M. myotis macrophages, demonstrated increased production of NO, in response to LPS
treatment (Fig. 1H). Consistently, gqPCR analyses also showed strong induction of iNOS

(inducible nitric oxide synthase) expression 24 hr after immune challenge only in the mouse



macrophages (AACt = -6.87+0.56 SEM for LPS; -3.93 +3.99 SEM for Poly(I:C)), but not in
M. myotis (AACt = -0.54+0.56 SEM for LPS; -0.28 £0.61SEM for Poly(l:C)).

Phylogenomic analyses reveal bat-specific adaptations of immune system

We performed phylogenomic analyses and positive selection tests in 12 representative
immune genes involved in sensing viral infection and activation of the innate antiviral and
proinflammatory signalling cascade in 39 mammalian taxa spanning basal eutherian
divergences (including six bat species; Fig. S1). The function of proteins encoded by tested
genes is summarised in Table S3 and their position in the immune signalling pathway is
highlighted in Fig. 2. Tests for adaptive evolution at codon sites across eutherian mammals
revealed evidence of significant positive selection acting on all investigated genes except II-
10 and TBK1. At least one BEB site was reported for all positively selected genes with
exception of TNF (Table S4A). The Branch-Site test (A vs A1 model) revealed positive
selection within the ancestral bat lineage acting on proinflammatory Il-14 (Table S4B). We
also detected vespertilionid-specific, Myotis-specific or Pteropus-specific non-synonymous
amino acid substitutions in RIG-I, 1lI-1p, 11-18, NLRP3, STING and CASP1 in the positively
selected mammalian BEB sites (Table S4C and Fig. 3).

Discussion

We hypothesize that bats may have evolved unique anti-inflammatory responses to neutralize
the effects of flight-induced metabolic stress. Potent anti-inflammatory signalling could
explain their long life spans, by reducing chronic inflammation and diminishing inflammation
associated senescence. The increased anti-inflammatory responses could also explain how
bats reduce, but not eliminate pathogen load and show no immunopathology during viral and
other intracellular infections.

The genus Myotis holds the longevity record even among bats, with up to 10 species
living beyond 20 years and two species exceeding 30 years despite their small body sizes
(Munshi-South and Wilkinson, 2010). Myotis myotis is the largest species of the genus
(weighting up to 45 g, which is comparable to a house mouse) with the record life span of
37.1 years (Gaisler et al., 2003). Therefore, due to both its extraordinary longevity and
relatively large size enabling obtaining sufficient numbers of bone marrow derived
macrophages, M. myotis is an excellent starting point for in vitro studies aimed at
identification of the putative link between immune system and longevity in bats. However,

sampling bone marrow from M. myotis requires sacrificing a wild animal and therefore this



study was limited to one individual euthanized due to an opportunistic event. This is typical
of studies employing cell lines derived from wild bat species (Kuhl et al., 2011 ; Miller et al.,
2016). Myotis myotis macrophages, of size and shape indistinguishable compared to their
murine analogues, were successfully differentiated in medium containing mouse M-CSF, and
were responsive to widely used TLR ligands, LPS and Poly(l:C) (Fig. 1). Activation of TLRs
induces intracellular signalling pathways, leading to the production of specific sets of
proinflammatory cytokines and chemokines, as well as antiviral type | interferons (Akira and
Takeda, 2004). Poly(I:C) and LPS activate TLR3 and TLR4 receptors respectively
(Matsumoto and Seya, 2008; Lu et al., 2008). TLR3 which is a nucleic acid sensing receptor
involved in response to viral pathogens, but also to sterile tissue damage (reviewed by
Tatematsu et al., 2014). TLR3 can be also upregulated by LPS via TLR4-dependent pathway
(Ding et al., 2017). TLR4 is stimulated by bacterial LPS (Lu et al., 2008), but also during
viral infections, for example by Ebola glycoproteins (Okumura et al., 2010). Studying the
effect of TLR3 and TLR4 activation is therefore highly relevant from the point of view of bat
viral tolerance.

As anticipated, both mouse and M. myotis macrophages responded to immune treatment with
significant induction of 1l-14, TNF and IFN-p. Interestingly, the anti-inflammatory cytokine
11-10 shown higher and persistent induction in M. myotis, and ratio between fold induction of
anti-inflammatory 11-10 and proinflammatory TNF was one order of magnitude higher in M.
myotis than in mouse (this experiment) and other mammals (pig, human, mouse: public
datasets from comparable experimental settings, listed Table S2). Moreover, unlike mouse,
M. myotis macrophages did not produce the proinflammatory and cytotoxic mediator, NO, in
response to LPS, and presented no induction of inducible nitric oxide synthase. Therefore, in
line with our hypothesis, in M. myotis the balance of immune response appears to be tipped
towards anti-inflammation. These results suggest that the bat’s unique immunity may be due
to efficient maintenance of the careful balance between the proinflammatory and anti-
inflammatory immune mediators. This could explain a recently reported decrease in acute
inflammatory responses occurring despite the constitutive expression of IFN-a in bat cells
and tissues (Zhou et al., 2016Db). Likewise, previous whole genome analyses revealed that all
bats lack the PYHIN gene family involved in inflammasome formation in other mammals
(Ahn et al., 2016). Interestingly, wild caught Molossus molossus bats injected with LPS
showed no leucocytosis or fever (Stockmaier et al., 2015), which could be hypotheticaly
explained by increased levels of antipyretic 11-10. However this observation might be species-

or experimental set-up- specific, as LPS induced fever was observed in Myotis vivesi



(Otélora-Ardila et al., 2016) and leukocytosis occurred in challenged Carollia perspicillata
(Schneeberger et al., 2013); therefore the LPS induced systemic responses in bats require
further investigation. The proposed link between bat longevity, viral tolerance and anti-
inflammatory response is certainly plausible also in the light of available evidence from other
species. Number of anti-inflammatory CD33rSiglec family genes shown strong positive
correlation with maximum life span in 14 mammalian species (Schwarz et al., 2015) and
longer life spans of laboratory rat strains have been linked with maintaining ability to
synthesize not only proinflammatory TNF, but also anti-inflammatory 11-10 (Dimitrijevi¢ et
al., 2014). Interestingly, increased production of 11-10 promotes viral persistence (Brooks et
al., 2006) and higher levels of serum 11-10 are associated with asymptomatic infections in
humans (Guiyedi et al., 2015). Thus, it can be hypothesized that the upregulated production
of 11-10, the key immunoregulator during infection, may make bats potent reservoir hosts for
pathogens.

Positive selection may drive the functional divergence and specialization of proteins.
We tested 11-10 and other genes involved in sensing viral infection and activation of the
innate antiviral and proinflammatory signalling cascade for positive selection across
eutherian mammals. Our analyses revealed evidence of significant positive selection acting
on all investigated genes except 11-10 and TBK1. This suggests that the observed increase in
11-10 gene induction in M. myotis macrophages does not result from adaptive modification of
the protein but demonstrates a functional upregulation of the anti-inflammatory response.
Bat-specific adaptation of immune system genes were also detected. The branch-site test
identified positive selection within the ancestral bat lineage acting on 1l-14, and
vespertilionid-specific, Myotis-specific and Pteropus-specific amino acid substitutions were
revealed in RIG-I, 1l-1p, 1I-18, NLRP3, STING and CASP1 (Fig. 3). Proteins encoded by these
genes are involved in anti-viral and proinflammatory pathway (Fig. 2 and Table S3). RIG-I
and STING mediate sensing cytoplasmic nucleic acids and subsequent activation of antiviral
and proinflammatory signalling (Onoguchi et al., 2010; Burdette and Vance, 2013; Wang et
al., 2016). Interleukin-1p is a gatekeeper of inflammation and mediates acute and chronic
inflammatory diseases (Dinarello, 2011). Interleukin-18 is also a proinflammatory cytokine
implicated in several autoimmune diseases (Dinarello et al., 2013). NLRP3 is a component of
inflammasome, essential for activation of caspase-1, which in turns activates both IL-1p and
11-18 by proteolytic cleavage (Guo et al., 2015). These results highlight the presence of
immune system adaptations unique to bats that may be driven by the acquisition of flight and,

in concert with increased expression of anti-inflammatory mediators, contribute to the unique



immune response observed in bats and their exceptional longevity. Suppression of chronic
inflammation was proposed an essential step towards further improvements in human healthy
lifespans (Arai et al., 2015). Therefore, future studies of bat-specific adaptations of immune
system are of pivotal importance from the perspective of human medicine and potential

therapeutic interventions.

Conclusions

Bone marrow derived M. myotis macrophages were grown in vitro for the first time and their
responsiveness to TLR ligands was demonstrated. We showed that bats can mount an
effective antiviral, proinflammatory reaction, which is balanced by a sustained protective
anti-inflammatory response. This may prevent the cytotoxic effects and tissue damage
resulting from inflammation and inflammaging. Bat-specific adaptations of immune system
genes were shown by phylogenomic selection tests. While only one M. myotis individual has
been tested in this proof-of-concept study, recent technical advances in generating bat
immune cells (Zhou et al., 2016a) should, in the nearest future, enable cross-species
experiments to ascertain if bat immune system is really rewired towards anti-inflammatory

response and provide more mechanistic insights in the involved pathways.

Supplementary information
All generated nucleotide, protein and codon alignments for 12 immune genes under

investigation are available from: https://figshare.com/s/ae28c1bccd20507a02ae.

Supplementary Tables S1-S4, Fig. S1 and References. Table S1. Primers used in this study;
Table S2. Literature studies used to calculate 11-10/TNF ratio for pig, mouse and human;
Table S3. Summary of function of proteins involved in sensing of viral infection and
activation of innate antiviral/proinflammatory signalling which were subjected to
phylogenomic analyses; Table S4. Results of tests for adaptive evolution; Fig. S1.
Mammalian species tree used in selection analysis; References. Supplementary Information is

available exclusively on BioOne.


https://figshare.com/s/ae28c1bccd20507a02ae

Acknowledgements

We would like to thank M. Haneklaus, F. Touzalin, N. Foley, D. Jebb and S. Dool for their
assistance. This study was funded by ERC-2012-StG311000 grant awarded to Emma C.
Teeling, UCD Seed Funding SF1123 and Science Foundation Ireland funding awarded to
Luke O’Neill. We thank Bretagne Vivante, and numerous volunteers and students from UCD
for help in the field. We thank the Préfet du Morbihan for the permit granted to Frédéric
Touzalin and Sébastien Puechmaille (Arrété préfectoral [26/09/2016]) to collect, transport

and use dead bats for scientific purposes.

Literature Cited

AHN, M., J. Cul, A. T. IRVING, and L.-F. WANG. 2016. Unique loss of the PYHIN gene Family
in bats amongst mammals: implications for inflammasome sensing. Scientific
Reports, 6: 21722.

AKIRA, S., and K. TAKEDA. 2004. Toll-like receptor signalling. Nature Reviews:
Immunology, 4: 499-511.

ALTSCHUL, S. F., W. GIsH, W. MILLER, E. W. MYERS, and D. J. LIPMAN. 1990. Basic local
alignment search tool. Journal of Molecular Biology, 215: 403-410.

ARAL Y., C. M. MARTIN-RUIZ, M. TAKAYAMA, Y. ABE, T. TAKEBAYASHI, S. KOYASU, M.
SUEMATSU, N. HIROSE, and T. VON ZGLINICKI. 2015. Inflammation, but not telomere
length, predicts successful ageing at extreme old age: a longitudinal study of semi-
supercentenarians. EBioMedicine, 2: 1549-1558.

AUSTAD, S. N. 2010. Methusaleh’s Zoo: How Nature provides us with clues for extending
human health span. Journal of Comparative Pathology, 142:S10-S21.

BENJAMINI, Y. AND Y. HOCHBERG. 1995. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. Journal of the Royal Statistical Society. Series
B (Methodological), 57:289-300.

BENSON, D. A,, K. CLARK, |. KARSCH-MIZRACH]I, D. J. LIPMAN, J. OSTELL AND E. W. SAYERS.
2015. GenBank. Nucleic Acids Research, 43:D30-D35.

BROOK, C. E. AND A. P. DOBSON. 2015. Bats as ‘special’ reservoirs for emerging zoonotic
pathogens. Trends in Microbiology, 23:172-180.

BRoOOKS, D. G., M. J. TRIFILO, K. H. EDELMANN, L. TEYTON, D. B. MCGAVERN AND M. B. A.
OLDSTONE. 2006. Interleukin-10 determines viral clearance or persistence in vivo.
Nature Medicine, 12:1301-1309.

BUFFENSTEIN, R., Y. H. EDREY, T. YANG AND J. MELE. 2008. The oxidative stress theory of
aging: embattled or invincible? Insights from non-traditional model organisms. Age,
30:99-109.

BURDETTE, D. L. AND R. E. VANCE. 2013. STING and the innate immune response to nucleic
acids in the cytosol. Nature Immunology, 14:19-26.

DIMITRIEVIC, M., S. STANOJEVIC, V. VUIIC, |. ALEKSIC, |. PILIPOVIC AND G. LEPOSAVIC.
2014. Aging oppositely affects TNF-a and IL-10 production by macrophages from
different rat strains. Biogerontology, 15:475-486.



DINARELLO, C., D. Novick, S. KiM AND G. KAPLANSKI. 2013. Interleukin-18 and 1L-18
Binding Protein. Frontiers in Immunology, 4:289.

DINARELLO, C. A. 2011. A clinical perspective of IL-1 as the gatekeeper of inflammation.
European Journal of Immunology, 41:1203-1217.

DING, X., S. JIN, Y. TONG, X. JIANG, Z. CHEN, S. ME|, L. ZHANG, T. R. BILLIAR AND Q. L.
2017. TLR4 signaling induces TLR3 up-regulation in alveolar macrophages during
acute lung injury. Scientific Reports, 7:34278.

EDGAR, R. C. 2004. MUSCLE: multiple sequence alignment with high accuracy and high
throughput. Nucleic Acids Research, 32:1792-1797.

FOLEY, N. M., M. S. SPRINGER AND E. C. TEELING. 2016. Mammal madness: is the mammal
tree of life not yet resolved? Philosophical Transactions of the Royal Society B:
Biological Sciences, 371: 20150140.

FRANCESCHI, C. AND J. CAMPISI. 2014. Chronic inflammation (inflammaging) and its
potential contribution to age-associated diseases. The Journals of Gerontology: Series
A, 69:54-5S09.

GAISLER, J., V. HANAK, V. HANZAL AND V. JARSKY. 2003. Results of bat banding in the
Czech and Slovak Republics, 1948-2000. Vespertilio, 7:3-61.

GREER, D. L. AND D. N. MCMURRAY. 1981. Pathogenesis of Experimental Histoplasmosis in
the Bat, Artibeus Lituratus. The American Journal of Tropical Medicine and Hygiene,
30:653-659.

GUARDA, G., M. BRAUN, F. STAEHLI, A. TARDIVEL, C. MATTMANN, |. FORSTER, M. FARLIK, T.
DECKER, RENAUD A. DU PASQUIER, P. ROMERO AND J. TscHoPP. 2011. Type |
interferon inhibits interleukin-1 production and inflammasome activation. Immunity,
34:213-223.

Guiyebplt, V., C. BECAVIN, F. HERBERT, J. GRAY, P.-A. CAZENAVE, M. KOMBILA, A. CRISANTI,
C. FESEL AND S. PIED. 2015. Asymptomatic Plasmodium falciparum infection in
children is associated with increased auto-antibody production, high I1L-10 plasma
levels and antibodies to merozoite surface protein 3. Malaria Journal, 14:162.

Guo, H., J. B. CALLAWAY AND J. P. Y. TING. 2015. Inflammasomes: mechanism of action,
role in disease, and therapeutics. Nature Medicine, 21:677-687.

HAYMAN, D. T. S., P. EMMERICH, M. YU, L.-F. WANG, R. SuU-IRE, A. R. FOOKS, A. A.
CUNNINGHAM AND J. L. N. WoobD. 2010. Long-term survival of an urban fruit bat
seropositive for Ebola and Lagos bat viruses. PloS One, 5:e11978.

HEALY, K., T. GUILLERME, S. FINLAY, A. KANE, S. B. A. KELLY, D. MCCLEAN, D. J. KELLY, I.
DONOHUE, A. L. JACKSON AND N. CooPER. 2014. Ecology and mode-of-life explain
lifespan variation in birds and mammals. Proceedings of the Royal Society B:
Biological Sciences, 281.

HUANG, Z., A. GALLOT, N. T. LAO, S. J. PUECHMAILLE, N. M. FOLEY, D. JEBB, M. BEKAERT
AND E. C. TEELING. 2016. A nonlethal sampling method to obtain, generate and
assemble whole blood transcriptomes from small, wild mammals. Molecular Ecology
Resources, 16:150-162.

KELLY, B. AND L. A. J. O'NEILL. 2015. Metabolic reprogramming in macrophages and
dendritic cells in innate immunity. Cell Research, 25:771-784.

KIRWAN, J. D., M. BEKAERT, J. M. COMMINS, K. T. J. DAVIES, S. J. ROSSITER AND E. C.
TEELING. 2013. A phylomedicine approach to understanding the evolution of auditory
sensory perception and disease in mammals. Evolutionary Applications, 6:412-422.

Kosoy, M., Y. BAI, T. LYNCH, I. V. KuzMmIN, M. NIEZGODA, R. FRANKA, B. AGWANDA, R. F.
BREIMAN AND C. E. RupPRECHT. 2010. Bartonella spp. in Bats, Kenya. Emerging
Infectious Diseases, 16:1875-1881.



KSIAZEK, A. AND M. KONARZEWSKI. 2012. Effect of dietary restriction on immune response
of laboratory mice divergently selected for basal metabolic rate. Physiological and
Biochemical Zoology, 85:51-61.

KUHL, A., M. HOFFMANN, M. A. MULLER, V. J. MUNSTER, K. GNIRR, M. KIENE, T. S.
TSEGAYE, G. BEHRENS, G. HERRLER, H. FELDMANN, C. DROSTEN AND S. POHLMANN.
2011. Comparative analysis of Ebola virus glycoprotein interactions with human and
bat cells. The Journal of Infectious Diseases, 204:5840-S849.

LivAak, K. J. AND T. D. SCHMITTGEN. 2001. Analysis of relative gene expression data using
real-time quantitative PCR and the 2—AACT method. Methods, 25:402-408.

Loob, C., L. P. BLANCO, M. M. PURMALEK, C. CARMONA-RIVERA, S. S. DE RAVIN, C. K,
SMITH, H. L. MALECH, J. A. LEDBETTER, K. B. ELKON AND M. J. KAPLAN. 2016.
Neutrophil extracellular traps enriched in oxidized mitochondrial DNA are
interferogenic and contribute to lupus-like disease. Nature Medicine, 22:146-153.

Ly, Y.-C., W.-C. YEH AND P. S. OHASHI. 2008. LPS/TLR4 signal transduction pathway.
Cytokine, 42:145-151.

MATSUMOTO, M. AND T. SEYA. 2008. TLR3: Interferon induction by double-stranded RNA
including poly(l:C). Advanced Drug Delivery Reviews, 60:805-812.

MEDzHITOV, R. AND C. JANEWAY. 2000. Innate immunity. New England Journal of Medicine,
343:338-344.

MEREDITH, R. W., J. E. JANECKA, J. GATESY, O. A. RYDER, C. A. FISHER, E. C. TEELING, A.
GOODBLA, E. Ei1zIRIK, T. L. L. SIMAO, T. STADLER, D. L. RABOSKY, R. L. HONEYCUTT,
J.J. FLYNN, C. M. INGRAM, C. STEINER, T. L. WILLIAMS, T. J. ROBINSON, A. BURK-
HERRICK, M. WESTERMAN, N. A. AYouB, M. S. SPRINGER AND W. J. MURPHY. 2011.
Impacts of the Cretaceous terrestrial revolution and KPg extinction on mammal
diversification. Science, 334:521-524.

MILLER, M. R., R. J. MCMINN, V. MISRA, T. SCHOUNTZ, M. A. MULLER, A. KURTH AND V. J.
MUNSTER. 2016. Broad and temperature independent replication potential of
filoviruses on cells derived from Old and New World bat species. The Journal of
Infectious Diseases, 214:5297-S302.

MUNSHI-SOUTH, J. AND G. S. WILKINSON. 2010. Bats and birds: Exceptional longevity despite
high metabolic rates. Ageing Research Reviews, 9:12-19.

NATH, I. 2001. Immune Mechanisms against Intracellular Pathogens. eLS Journal.

OKUMURA, A., P. M. PITHA, A. YOSHIMURA AND R. N. HARTY. 2010. Interaction between
Ebola Virus Glycoprotein and Host Toll-Like Receptor 4 Leads to Induction of
Proinflammatory Cytokines and SOCS1. Journal of Virology, 84:27-33.

ONOGUCHI, K., M. YONEYAMA AND T. FUJITA. 2010. Retinoic acid-inducible gene-I-like
receptors. Journal of Interferon & Cytokine Research, 31:27-31.

O'SHEA, T. J., P. M. CRYAN, A. A. CUNNINGHAM, A. R. Fooks, D. T. S. HAYMAN, A. D. Luls,
A.J. PEEL, R. K. PLOWRIGHT AND J. L. N. Woob. 2014. Bat flight and zoonotic
viruses. Emerging Infectious Disease Journal, 20:741.

OTALORA-ARDILA, A., L. G. HERRERA M, J. J. FLORES-MARTINEZ AND K. C. WELCH, JR.
2016. Metabolic Cost of the Activation of Immune Response in the Fish-Eating
Myotis (Myotis vivesi): The Effects of Inflammation and the Acute Phase Response.
PloS One, 11:0164938.

Rousk, B. T. AND S. SEHRAWAT. 2010. IMMUNITY AND IMMUNOPATHOLOGY TO
VIRUSES: what decides the outcome? Nature reviews. Immunology, 10:514-526.

R DEVELOPMENT CORE TEAM. 2016. R: A language and environment for statistical
computing. R Foundation for Statistical Computing. Vienna, Austria.

RUEDI, M., B. STADELMANN, Y. GAGER, E. J. P. DouUzERY, C. M. FRANCIS, L.-K. LIN, A.
GUILLEN-SERVENT AND A. CiBols. 2013. Molecular phylogenetic reconstructions



identify East Asia as the cradle for the evolution of the cosmopolitan genus Myotis
(Mammalia, Chiroptera). Molecular Phylogenetics and Evolution, 69:437-449.

SABHARWAL, S. S. AND P. T. SCHUMACKER. 2014. Mitochondrial ROS in cancer: initiators,
amplifiers or an Achilles’ heel? Nature reviews. Cancer, 14:709-721.

SCHAER, J., S. L. PERKINS, J. DECHER, F. H. LEENDERTZ, J. FAHR, N. WEBER AND K.
MATUSCHEWSKI. 2013. High diversity of West African bat malaria parasites and a
tight link with rodent Plasmodium taxa. Proceedings of the National Academy of
Sciences of the United States of America, 110:17415-174109.

SCHNEEBERGER, K., G. A. CzIRIAK AND C. C. VOIGT. 2013. Inflammatory challenge increases
measures of oxidative stress in a free-ranging, long-lived mammal. The Journal of
Experimental Biology, 216:4514-4519

SCHWARZ, F., O. M. T. PEARCE, X. WANG, A. N. SAMRAJ, H. LAUBLI, J. O. GARCIA, H. LIN, X.
Fu, A. GARCIA-BINGMAN, P. SECREST, C. E. RoMANOsKI, C. HEYSER, C. K. GLASS, S.
L. HAZEN, N. VARKI, A. VARKI AND P. GAGNEUX. 2015. Siglec receptors impact
mammalian lifespan by modulating oxidative stress. eLife, 4:06184.

SPEAKMAN, J. R. AND D. W. THOMAS. 2003. Physiological ecology and energetics of bats. in
Bat ecology (T. H. Kunz and M. B. FENTION, eds.). University of Chicago Press,
Chicago, pp. 430-490.

STOCKMAIER, S., D. K. N. DECHMANN, R. A. PAGE AND M. T. O'MARA. 2015. No fever and
leucocytosis in response to a lipopolysaccharide challenge in an insectivorous bat.
Biology Letters, 11:20150576.

SUYAMA, M., D. TORRENTS AND P. BORK. 2006. PAL2NAL.: robust conversion of protein
sequence alignments into the corresponding codon alignments. Nucleic Acids
Research, 34:W609-W612.

TANNAHILL, G. M., A. M. CURTIS, J. ADAMIK, E. M. PALSSON-MCDERMOTT, A. F.
MCGETTRICK, G. GOEL, C. FREZZA, N. J. BERNARD, B. KELLY, N. H.
FOLEY, L. ZHENG, A. GARDET, Z. TONG, S. S. JANY, S. C. CORR, M.
HANEKLAUS, B. E. CAFFERY, K. PIERCE, S. WALMSLEY, F. C. BEASLEY, E.
CUMMINS, V. NIZET, M. WHYTE, C. T. TAYLOR, H. LIN, S. L. MASTERS, E.
GOTTLIEB, V. P. KELLY, C. CLISH, P. E. AURON, R. J. XAVIER AND L. A. J.
O’NEILL. 2013. Succinate is a danger signal that induces IL-1f via HIF-1a. Nature,
496:238-242.

TATEMATSU, M., T. SEYA AND M. MATSUMOTO. 2014. Beyond dsRNA: Toll-like receptor 3
signalling in RNA-induced immune responses. Biochemical Journal, 458:195-201.

TIsONCIK, J. R., M. J. KORTH, C. P. SIMMONS, J. FARRAR, T. R. MARTIN AND M. G. KATZE.
2012. Into the eye of the cytokine storm. Microbiology and Molecular Biology
Reviews : MMBR, 76:16-32.

UNTERGASSER, A., |. CUTCUTACHE, T. KORESSAAR, J. YE, B. C. FAIRCLOTH, M. REMM AND S.
G. RozeN. 2012. Primer3 — new capabilities and interfaces. Nucleic Acids Research,
40:e115-e115.

WANG, F., T. ALAIN, K. J. SZRETTER, K. STEPHENSON, J. G. PoL, M. J. ATHERTON, H.-D.
HOANG, B. D. FONSECA, C. ZAKARIA, L. CHEN, Z. RANGWALA, A. HESCH, E. S. Y.
CHAN, C. TUINMAN, M. S. SUTHAR, Z. JIANG, A. A. ASHKAR, G. THOMAS, S. C.
KozMA, M. GALE JRr, K. A. FITZGERALD, M. S. DIAMOND, K. MOSSMAN, N.
SONENBERG, Y. WAN AND B. D. LICHTY. 2016. S6K-STING interaction regulates
cytosolic DNA-mediated activation of the transcription factor IRF3. Nature

Immunology, 17:514-522.

WEVYER, J., A. GROBBELAAR AND L. BLUMBERG. 2015. Ebola Virus disease: history,
epidemiology and outbreaks. Current Infectious Disease Reports, 17:21.



YANG, Z. 2007. PAML 4: Phylogenetic analysis by maximum likelihood. Molecular Biology
and Evolution, 24:1586-1591.

YANG, Z., W.S. W. WONG AND R. NIELSEN. 2005. Bayes empirical Bayes inference of amino
acid sites under positive selection. Molecular Biology and Evolution, 22:1107-1118.

ZHANG, G., C. COWLED, Z. SHI, Z. HUANG, K. A. BISHOP-LILLY, X. FANG, J. W. WYNNE, Z.
XIONG, M. L. BAKER, W. ZHAO, M. TACHEDJIAN, Y. ZHU, P. ZHOU, X. JIANG, J. NG, L.
YANG, L. Wu, J. X1A0, Y. FENG, Y. CHEN, X. SUN, Y. ZHANG, G. A. MARSH, G.
CRAMERI, C. C. BRODER, K. G. FREY, L.-F. WANG AND J. WANG. 2013. Comparative
analysis of bat genomes provides insight into the evolution of flight and immunity.
Science, 339:456-460.

ZHoU, P., Y. T. CHIONH, S. E. IRAC, M. AHN, J. H. JIA NG, E. Fossum, B. BOGEN, F. GINHOUX,
A. T.IRVING, C.-A. DUTERTRE AND L.-F. WANG. 2016a. Unlocking bat immunology:
establishment of Pteropus alecto bone marrow-derived dendritic cells and
macrophages. Scientific Reports, 6:38597.

ZHou, P., M. TACHEDJIAN, J. W. WYNNE, V. BoYD, J. Cul, |. SMITH, C. COWLED, J. H. J. NG,
L. Mok, W. P. MICHALSKI, |. H. MENDENHALL, G. TACHEDJIAN, L.-F. WANG AND M.
L. BAKER. 2016b. Contraction of the type I IFN locus and unusual constitutive
expression of IFN-a in bats. Proceedings of the National Academy of Sciences of the
United States of America, 113:2696-2701.

Figure legends

Fig .1. M. myotis and M. musculus macrophages present differential response to LPS
and Poly(l:C) challenge. Change in gene expression of A) IFN-3, B) IL-15, C) TNF, D) II-
10 in response to LPS and Poly I:C treatment at 1, 4 and 24 hr time points are presented as
changes in delta Ct values normalized to actin-4. Ratios of the fold induction of anti-
inflammatory 11-10 to proinflammatory TNF (E) and Il-14 (F) are also presented. G)
Literature derived 11-10/TNF ratios for other mammals. H) NO generated by stimulated M.
myotis and mouse macrophages. Bars represent the mean of two experimental repeats +SEM.
Presented p-values indicate the significance of the difference between species from analysis
of variance (ANOVA).

Fig. 2. Signatures of adaptive evolution in genes involved in sensing of viral infection
and activation of antiviral/proinflammatory signalling. Genes under positive selection
(site-test) in mammals are highlighted in green. Genes with sites under positive selection in
bat lineages are indicated with an asterix.

Fig. 3. Bat-specific sites under positive selection in the investigated immune genes. Sites
that had statistically significant evidence of positive selection acting across eutherian

mammals were investigated for any amino acid substitutions unique to the ancestral bat



lineage, the vespertilionid lineage or the Pteropodid lineage. Bat lineages-specific sites are

highlighted in yellow.
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Figure 2
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Figure 3
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