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For centuries, people believed that bats possessed sinister powers. Bats are thought to be ancestral hosts to
many deadly viruses affecting humans including Ebola, rabies, and most recently SARS-CoV-2 coronavirus.
However, bats themselves tolerate these viruses without ill effects. The second power that bats have is their
longevity. Bats live much longer than similar-sized landmammals. Here we review how bats’ ability to control
inflammation may be contributing to their longevity. The underlying mechanisms may hold clues to devel-
oping new treatments for age-related diseases. Now may be the time to use science to exploit the secret
powers of bats for human benefit.
Bat Natural History
There are more than 1,400 species of bats (Figure 1A) that inhabit

all continents except Antarctica. A majority of bats are active at

night and inhabit ‘‘spooky’’ places such as caves, wells, attics,

and hollow trees, which has caused people to (falsely) attribute

devilish properties to bats. Many bats live in large colonies, which

promotes transmission of viruses and other pathogens. Bats are

diverse in their feeding habits. Many bats feed on flying insects,

others feed on fruits and nectar, but there are also carnivorous

bats that catch fish and small crustaceans such as scorpions

and, of course, vampire bats that feed on blood. Bats are the

only species of mammal capable of powered flight, and some

species can reach speeds of up to 100 miles per hour, making

them the fastest mammals on earth (McCracken et al., 2016).

Bats play important role in many ecosystems. Insectivorous

bats provide pest control by consuming large quantities of in-

sects. Bats suppress crop pests and decrease pesticide use in

farming (Maine and Boyles, 2015). Bats also consume mosqui-

toes that spread human diseases. Furthermore, many plants

depend on fruit bats for pollination and seed dispersal.

One of the most amazing properties of bats is their longevity.

Many bat species such as little brown bat, Brandt’s bat,

mouse-eared bat, and Indian flying fox have maximum lifespans

of 30–40 years (Tacutu et al., 2018). Other bat species have

maximum lifespans around 20 years, which is still very long for

species of this size (Tacutu et al., 2018). In general, species

maximum lifespan correlates positively with body mass (Austad

and Fischer, 1991). Larger species tend to be longer lived. How-

ever, all bats fall above the regression line for mammals as they

live longer than other mammals of similar size (Austad and

Fischer, 1991; Healy et al., 2014) (Figure 1B).

Resistance to Viruses
As mentioned earlier, bats live in large dense colonies and they

stay around for many years, which creates an ideal ground for
transmitting pathogens. Indeed, bats are believed to be ances-

tral hosts for many deadly viruses including rabies, Ebola, Mar-

burg, Nipah, and Hendra viruses (reviewed in Banerjee et al.,

2020a). The recent zoonotic transmissions of SARS-CoV (Li

et al., 2005), MERS-CoV (Anthony et al., 2017), and SARS-

CoV-2 (Lu et al., 2020; Zhou et al., 2020) coronaviruses are

believed to have originated in bats, or were transmitted by bats

to other species and then passed on to humans. Remarkably,

these viruses are tolerated by bats and do not cause clinical

symptoms. Even experimental inoculation of bats with some of

the deadliest viruses only produced subclinical infections (Halpin

et al., 2011;Middleton et al., 2007;Munster et al., 2016; Paweska

et al., 2016; Schuh et al., 2017). What biological mechanisms

make bats so special that they can tolerate such scourges and

innocently transmit them to humans (Figure 2)?

It is important to point out that bats are a very diverse group, so

a mechanism found in one species does not necessarily apply to

all bats. Here, we will discuss these adaptations as they apply to

individual species and the common trends that emerge. The

innate immune response is the first line of defense against viruses.

Cells express pattern recognition receptors, such as Toll-like re-

ceptors, that recognize pathogen-associated molecular patterns

originating from viruses, bacteria, or parasites. These receptors

then initiate signaling cascades that lead to expression of antiviral

and proinflammatory cytokines. Antiviral cytokines include inter-

ferons (IFN), which activate expression of downstream genes

that inhibit viral replication or induce death of infected cells.

Bats have a robust interferon response to RNA viruses. In the

Australian black flying fox Pteropus alecto, IFN regulatory factor

7 (IRF7) is expressed in a wider range of tissues compared to

other mammals (Zhou et al., 2014). In multiple bat species, IFN

regulatory factor 3 (IRF3) has evolved a potential novel

phosphorylation site, S185, that enhances activation of the

downstream IFN response (Banerjee et al., 2020b). Bats also

constitutively express IFN-a (Zhou et al., 2016), which in other
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Figure 1. Bats Live Longer Than Similar-Sized Land Mammals
(A) Major lineages of bats.
(B) Relationship between lifespan and body mass in mammals. Bats are indicated by red circles; all other species of mammals are indicated by black circles. The
lifespan and body mass data are from Healy et al. (2014).
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mammals would lead to widespread inflammation. However,

bats have evolved unique adaptations that counteract inflamma-

tion. For instance, they show significantly dampened activation

of the NLRP3 inflammasome in primary immune cells compared

to their human or mouse counterparts (Ahn et al., 2019). NLRP3

is an important sensor that recognizes both endogenous cellular

damage and infections of either bacterial or viral origin. NLRP3

over-activation has been linked to the inflammatory state and

to age-related diseases (Guo et al., 2015; Youm et al., 2013).

Remarkably, dampened NLRP3 activity was observed in distant

bat species, such as the fruit bat P. alecto and an insectivorous

batMyotis davidii (Ahn et al., 2019), suggesting that this is a com-

mon mechanism across species. Treating kidney cells from the

big brown bat Eptesicus fuscus and human with poly(I:C), a viral

double-stranded RNA surrogate, showed that although cells

from both species induced expression of IFN-b, only human cells

expressed tumor necrosis factor a (TNF-a) (Banerjee et al.,

2017), a cell signaling protein involved in systemic inflammation.

Analysis of the TNF promoter in the big brown bat revealed a po-

tential repressor c-REL binding motif (Banerjee et al., 2017).

Thus, downregulated TNF-a expression may be yet another

strategy bats use to suppress inflammation.

Whole-genome sequencing revealed that several genes

involved in innate immunity, including c-REL and NLRP3, are un-

der positive selection in P. alecto andMyotis davidii (Zhang et al.,

2013). Bats may also express unique sets of interferon stimu-

lated genes (ISGs). Some of these genes, such as Myxovirus

resistance 1 (Mx1), evolved under positive selection in bats

and are reported to reduce viral replication when expressed in

human cells (Fuchs et al., 2017).

Although bats mount a strong response to RNA viruses, they

exhibit remarkably dampened DNA sensing. The entire PYHIN

gene family was found to be missing in 10 bat species, including

both fruit- and insect-eating bats (Ahn et al., 2016; Zhang et al.,

2013). This gene family includes cytoplasmic DNA sensors AIM2

and IFI16 that activate the inflammasomeand interferonpathways

(reviewed in Schattgen and Fitzgerald, 2011). AIM2 recognizes

bacterial and host DNA in the cytoplasm (Muruve et al., 2008),
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forming the AIM2 inflammasome that mediates maturation of

proinflammatory cytokines (IL-1b and IL-18) (reviewed in Broz

and Dixit, 2016). Although loss of the PYHIN locus appears to

be universal, genomic analysis of the remaining sequences sug-

gests different evolutionary processes leading to gene loss, rather

than a single ancestral event (Ahn et al., 2016). Additionally, bats

have dampened STING-dependent IFN activation (Xie et al.,

2018). Upon binding to cytosolic DNA, cGAS binds and activates

STING, leading to its phosphorylation on S358. Phosphorylated

STING ultimately triggers the type I IFN response. Remarkably,

an analysis of 30 bat species revealed that while the S358 residue

is absolutely conserved among all known non-bat mammalian

STING proteins, none of the bat STING proteins retain S358, lead-

ing to a weakened IFN response.

The TLR9 receptor, which preferentially recognizes DNA, ap-

pears to have evolved under purifying selection in bats and con-

tains multiple mutations in the ligand-binding domain (Escalera-

Zamudio et al., 2015). TLR9 in bats shows reduced activation by

CpG-containing oligonucleotides compared to human TLR9

(Banerjee et al., 2017). Interestingly, the DNA repair protein

DNA-PK, which also serves as cytoplasmic DNA sensor, is posi-

tively selected in bats (Zhang et al., 2013), possibly compen-

sating for the lack of other DNA sensors.

Macrophages from the greater mouse-eared bat,Myotis myo-

tis, challenged with various inflammatory stimuli upregulated

interferon b (INF-b), TNF, and interleukin-1b (Il-1b). However, in

bat macrophages, but not mice, this antiviral, proinflammatory

response was associated with high-level transcription of the

anti-inflammatory cytokine Il-10, which may help neutralize

proinflammatory responses (Kacprzyk et al., 2017).

The picture that emerges from the large number of studies of

bat immunity is somewhat counterintuitive. A majority of immune

system adaptations found in bats dampen the immune response

rather than activating it. We can learn from bats that to co-exist

with viruses, controlling inflammation is more important than

ramping up the immune system to combat the virus, which could

lead to an inflammatory cytokine storm, exacerbating disease

phenotypes and contributing to mortality. Perhaps in certain



Figure 2. Unique Aspects of Immunity in Bats
The innate immune response senses cytoplasmic DNA and foreign RNA, responding by upregulation of interferon genes and production of TNFa and other
inflammatory cytokines. Bat species have undergone evolutionary adaptations whereby sensing of cytoplasmic DNA is dampened through loss of PYHIN genes
and a regulatory site mutation in STING. This leads to reduced expression of TNFa and other inflammatory cytokines, while anti-inflammatory cytokines like IL-10
are upregulated. Additionally, activation of the NLRP3 inflammasome is dampened in bats, leading to reduced production of IL-1b and IL-18. Several aspects of
RNA sensing are enhanced in bats. Bats also constitutively express IFN-a, show enhanced expression of interferon genes, and have more active autophagy.
Taken together, these adaptations allow bats to tolerate viruses while keeping inflammatory response in check. Processes enhanced in bats are marked by
upward blue arrows, while processes dampened in bats are marked by downward red arrows. *Genes under positive selection in bats. #Genes under purifying
selection in bats.
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contexts, controlling inflammation ismore important than ramping

up the immune system to combat the virus, which could lead to an

inflammatory cytokine storm, exacerbating disease phenotypes

and contributing to mortality.

Outside of the immune system, autophagy is a process that

may help bats fight viruses. Autophagy, or ‘‘self-eating,’’ is a

cellular process that destroys and recycles cellular proteins

and organelles (Saha et al., 2018). Autophagy can remove

damaged proteins and can also help rid the cell of viruses. Cells

from the black flying fox P. alecto are less susceptible than hu-

man cells to death induced by Australian bat lyssavirus, a virus

related to rabies. P. alecto cells showed elevated basal autopha-

gic levels, which are further induced in response to high doses of

virus (Laing et al., 2019).

Why did bats evolve such tolerance to viruses? It has been

proposed that unique evolution of immunity in bats is driven by

flight (Banerjee et al., 2020a; Kacprzyk et al., 2017; O’Shea
et al., 2014; Zhang et al., 2013). Bats are the only flyingmammals

and flight requires metabolic adaptation to sudden surges in ac-

tivity, rapid increases in body temperature (O’Shea et al., 2014),

and perhaps, dealing with the molecular damage, such as mis-

folded proteins and damaged DNA, that arise (Banerjee et al.,

2020a). Thus, bats may have downregulated their inflammatory

pathways in order not to suffer from bouts of inflammation every

time they fly. Flight is indeed a unique feature of bats, and it is

plausible that some of the adaptations are related to flight. How-

ever, the fastest evolving genes, in general, are genes related to

the host-pathogen arms race (Lazzaro and Clark, 2012). This

evolution is driven by the presence of pathogens and happens

much faster than evolution of such complex functions as flight,

which require major changes to body structures. We speculate

that the driving force in the evolution of bat immunity has been

their lifestyle, which promotes rapid transmission of viruses.

Many bat species live in gigantic colonies, where individuals
Cell Metabolism 32, July 7, 2020 33



Figure 3. Longevity Adaptations in Bats
Many hallmarks of aging are altered in bats (yellow rectangles), any of which could underlie their enhanced longevity. Importantly, other hallmarks such as
intercellular communication, stem cell exhaustion, and epigenetic alterations are yet to be interrogated. Modified from López-Otı́n et al. (2013).
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spend resting periods hanging very close together on a cave ceil-

ing or in a tree. Bat colony size may range from a few individuals

to hundreds of thousands. This is the highest density among

mammals, with the exception perhaps of humans in large metro-

polises, and considering their high mobility and foraging

behavior, bats are exposed to an exceptionally high variety of

viruses.

Longevity Adaptations
The long lifespan of bats is quite striking. A recent study by Wil-

kinson and Adams was able to reconstruct longevity across a

wide range of bat species, proposing that the ancestral bat spe-

cies likely lived 2.6 times longer than a similar-sized placental

mammal (Wilkinson and Adams, 2019). Moreover, extreme

longevity has arisen at least four separate times during bat speci-

ation, with the longest-lived bat on record, the Brandt’s bat,

surviving 41 years (Podlutsky et al., 2005). These findings sug-

gest that long lifespan is no accident; it either arose because

long lifespan has fitness benefits for bats or because some other

phenotype is selected that also precipitates longevity, one of

which being a dampened immune response.

The reasons behind the long lifespan of bats remain debated,

with scientists developing hypotheses based either on evolu-

tionary life history or molecular studies testing known longevity

pathways. Bats have several features that would favor selection

for lowmortality rates, including small litters (Barclay andHarder,

2003; Racey and Entwhistle, 1999; Speakman, 2008), the capac-

ity of flight (which permits escape from predators; Austad and

Fischer, 1991; Holmes and Austad, 1994), and (in many species)

the ability to hibernate, or enter into a low-energy torpor state.

Torpor is linked to longevity in bats and other species (Turbill

et al., 2011; Turbill and Prior, 2016; Wilkinson and South, 2002)

and may protect the animal from bouts of starvation and/or pro-
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mote homeostatic maintenance during periods of low metabolic

rate. Consistent with a beneficial role for hibernation, other spe-

cies that can enter hibernation, such as gray mouse lemurs and

13-lined squirrels, have longer lifespan than mice of similar size

(Al-Attar and Storey, 2020). In the Wilkinson and Adams study,

enhanced longevity was associated with body mass, hiberna-

tion, and cave use, which presumably provides a safer environ-

ment (Wilkinson and Adams, 2019).

Recent reviews have described pathways modulating aging,

termed hallmarks or pillars (Figure 3) (Kennedy et al., 2014; Ló-

pez-Otı́n et al., 2013). The overlapping pathways these reviews

describe are all intimately linked to aging in a variety of eukary-

otic models. Yet it remains unclear to what extent each contrib-

utes to different aspects of aging and whether they are

connected in a hierarchical structure. Almost certainly they are

connected in some kind of homeostatic network that functions

to maintain health in the face of damage that accrues with age.

One piece of evidence for this is that genetic, dietary, or pharma-

cological interventions that delay aging typically affect many or

all aging pillars. While an intervention likely has a direct target,

the net effect is network preservation, and this affects many or

all pillars. If this concept extends across species, then long-lived

bats may expect to have alterations in many longevity pillars.

Early evidence suggests that this is the case, and here we

describe evidence connecting longevity to specific hallmarks

of aging.

Genomic studies have pointed to some longevity clues. For

instance, the genome of the Brandt’s bat and several other spe-

cies has a mutation in the growth hormone receptor gene that

may interfere with transmembrane domain function (Seim

et al., 2013). Growth hormone receptor hypomorphic mutations

are associated with protection from diabetes and cancer in hu-

mans and long lifespan in mice (Coschigano et al., 2000; David
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et al., 2011; Guevara-Aguirre et al., 2011). Indeed, bats have

physiologic (e.g., pancreatic structure) and transcriptomic

changes that resemble growth hormone receptor knockout

mice (Liu et al., 2004; Seim et al., 2013; Swindell, 2007). There

are also intriguing changes in the transmembrane region of the

IGF1 receptor, which is associated with longevity in a range of

model organisms and in centenarians (Kim and Lee, 2019;

Seim et al., 2013). Both of these hormonal signaling pathways

are intimately linked to nutrient signaling, one of the most robust

pillars of aging (Figure 3). A more extensive study compared

genomic data from 26 bat species to that of naked mole rats

and a variety of other mammals (Davies et al., 2014). While other

genomic changes were identified in both the growth hormone re-

ceptor and the IGF receptor, no evidence for positive selection

was found in either gene, causing the authors to speculate that

enhanced longevity was in large part linked to other genetic dif-

ferences.

Genome maintenance is an important longevity assurance

mechanism and another recognized pillar of aging (reviewed in

Gorbunova et al., 2007). In an 8-year longitudinal study of blood

samples from free-living greater mouse-eared bats (Myotis myo-

tis), Huang et al. reported that DNA repair and DNA damage

signaling pathways are maintained throughout lifespan, consis-

tent with the low levels of cancer in bat species (Huang et al.,

2016, 2019). Among DNA repair pathways, DNA double-strand

break repair shows the strongest correlation with longevity (Tian

et al., 2019). Remarkably several DNA double-strand break repair

genes such as ATM, Rad50, Lig4, DNA-PK, Ku80, and BRCA2

were shown to be under positive selection in two species of

bats (Zhang et al., 2013). Interestingly, some of these DNA repair

genes, such asDNA-PK andRad50, also function asDNA sensors

in innate immune response (Burleigh et al., 2020; Ferguson et al.,

2012; Kondo et al., 2013; Roth et al., 2014). Hence, the genetic

changes that evolved inbatsmaymodulatebothprocesses simul-

taneously and the innate immune response may be an evolu-

tionary driver of positive selection. However, further studies are

needed to test whether positive selection on DNA-PK and

Rad50 increases or decreases their activity as immune sensors.

These changes may either compensate for dampened STING

signaling or, alternatively, further decrease DNA sensing in bats.

Mitochondrial dysfunction is a feature of aging across the

evolutionary spectrum and another highly supported pillar of ag-

ing (Figure 3) (Pulliam et al., 2013). Energetic demands associ-

ated with flight in bats require enhanced mitochondrial respira-

tory metabolism, which is expected to generate excess

oxidative damage. To counteract this damage, bats have

evolved more efficient mitochondria, producing less H2O2 per

unit oxygen consumed (Brunet-Rossinni, 2004). Bat fibroblasts

have also been shown to have lower levels of oxidative damage

to proteins and to be resistant to acute oxidative stress (Salmon

et al., 2009). Limited data are available on antioxidants in vivo

(Dammann, 2017), with superoxide dismutase (SOD) levels re-

ported to be similar in the brain but with a trend toward higher

levels in the heart. A different study compared two bats with

different lifespans, finding that the longer-lived species (Desmo-

dus rotundus) had higher levels of antioxidant activity across

multiple tissues than its shorter-lived counterpart (Myotis velifer)

(Conde-Pérezprina et al., 2012). This corresponded to reduced

levels of DNA damage.
To help maintain proteostasis upon oxidative stress, bats ex-

press major heat shock proteins at higher levels (Chionh et al.,

2019). This may simultaneously permit bats to endure high tem-

peratures with flight and maintain protein homeostasis with age.

Bats also exhibit enhanced autophagy activity with advancing

age (Huang et al., 2019), suggesting that their cells are better

able to clear damaged proteins and organelles. This latter finding

is consistent with studies in bat fibroblasts, which detect higher

levels of macroautophagy (Pride et al., 2015). Interestingly,

enhanced autophagy also provides bats with enhanced protec-

tion against viruses, as described above (Laing et al., 2019).

Increased mitochondrial oxidative stress would also be ex-

pected to generate mitochondrial DNA alterations, or hetero-

plasmy. However, oxidative lesions in M. myotis are found only

at low rates in an age-independent manner, suggesting better

repair or removal of damaged mitochondria (Jebb et al., 2018).

One recent study suggests that a system involved in limiting

mitochondrial membrane potential by tethering of ATP-

consuming kinases to mitochondrial membranes may be a

mechanism that limits reactive oxygen species production.

This system is lost in mice with age but is maintained in Seba’s

short-tailed bat (Carollia perspicillata) (Vyssokikh et al., 2020).

As they age, bats avoid upregulation of genes involved in

chronic inflammation, which is typically not observed in mam-

mals (Huang et al., 2019). This likely results from the multitude

of mechanisms that evolved to suppress inflammation due to

viral infections discussed above. Microbiome studies indicate

that Myotis myotis may have stable microbiome composition

that does not change over time in contrast to mice and humans,

where the microbiome undergoes significant changes with age

(Hughes et al., 2018). As aging-related gut dysbiosis triggers

inflammation (reviewed in Kim and Jazwinski, 2018), the ability

of bats to maintain stable microbiome may contribute to the

lack of age-related inflammation, or by contrast, low levels of

inflammation may promote a more stable microbiome. One ma-

jor unanswered question is the extent to which cell senescence

occurs with age in bats. Since cell senescence may be a major

driver of chronic inflammation during mammalian aging, it will

be important to determine whether cell senescence, another

pillar, is altered with age in bat species. In-depth studies are

needed to address this question in vivo and in cell culture.

Among other hallmarks of aging, telomere attrition has been

addressed to a limited extent, with mixed results. The shorter-

lived bat species, Rhinolophus ferrumequinum and Miniopterus

schreibersii, do exhibit telomere shortening, but no evidence

was found in the longest-lived species, Myotis myotis (Foley

et al., 2018). This bat apparently does not express telomerase

but exhibits differential expression of genes involved in telomere

maintenance and the alternative lengthening of telomeres (ALT)

pathway (Foley et al., 2018). Other pillars of aging, including

epigenetic alterations, intercellular communication, and adult

stem cell exhaustion, remain unaddressed and are also fertile

grounds for further research.

Inflammation and Longevity
A majority of the mechanisms that have evolved to protect bats

from viruses likely contribute to their longevity (Figure 4). Bats

evolved multiple strategies to combat inflammation (discussed

above), such as dampened NLRP3 inflammasome activity (Ahn
Cell Metabolism 32, July 7, 2020 35



Figure 4. Changes in Immune Function in
Bats that Can Promote Longevity
While many hallmarks of aging are altered in bats,
we speculate that altered immunity, which leads to
virus tolerance and reduced inflammation, underlies
the longevity changes. The downstream conse-
quences of the changes likely include a reduction in
age-related diseases, which are fueled by inflam-
mation such as atherosclerosis, arthritis, neuro-
degeneration, and cancer. This, in turn, promotes
longevity in bats.
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et al., 2019), dampened TNF signaling (Banerjee et al., 2017), and

a dampened response to cytoplasmic DNA (Ahn et al., 2016; Xie

et al., 2018; Zhang et al., 2013). Inflammation has emerged as a

driver of multiple age-related pathologies, including cardiovas-

cular diseases, cancer, Alzheimer’s disease, and diabetes.

This led to the concept of inflammaging, defined as the long-

term result of the chronic physiological stimulation of the innate

immune system, which becomes damaging during aging (Fran-

ceschi et al., 2018). Factors that trigger inflammaging include vi-

ruses, microbiome bacteria, senescent cells, and self-products

of cellular damage such as debris containing cellular DNA and

proteins. Reducing inflammation due to any of these factors

can be beneficial for longevity; however, bat evolution seems

to have attenuated mechanisms of cytoplasmic DNA sensing

specifically.

Free DNA is not supposed to be in the cytoplasm, and when it

does go there it signals alarm. Cytoplasmic DNA sensors have

evolved to protect the cell from invading viruses. However, viruses

are not the only source of cytoplasmic DNA. Mitochondrial DNA

can be recognized by pattern recognition receptors such as

TLR9, absent in melanoma 2 (AIM2) and cGAS and trigger activa-

tion of interferon response (reviewed in Riley and Tait, 2020; West

and Shadel, 2017).Mitochondrial DNA-associated inflammasome

activation has been linked to such age-related conditions as

atherosclerosis (Tumurkhuu et al., 2016) and macular degenera-

tion (Dib et al., 2015). Mitochondrial DNA release into cytoplasm

has been linked to neurodegeneration and Parkinson’s disease.

Interestingly, in Parkin- or Pink-deficient mice mitochondrial

DNA release was precipitated by exercise, while blocking INF-a

receptors or deleting STING rescued inflammation (Sliter et al.,

2018).Other types ofmitochondrial stress, suchasoxidative dam-

age and endoplasmic reticulum stress, may also result in release

of mitochondrial DNA. Thus, bats displaying improved mitochon-

drial maintenance and dampened cytoplasmic DNA sensing may

be protected from these age-related conditions.

Recent studies demonstrated that nuclear DNA can find its

way into the cytoplasm during aging and cellular senescence.

In senescent cells, fragments of chromosomal DNA are expelled

into the cytoplasm (Dou et al., 2017). Furthermore, nuclear DNA

contains endogenous parasites in the form of transposable ele-

ments, some of which originated from viruses in the evolutionary

past. Long interspersed nuclear elements (LINE1s) are retro-

transposable elements that comprise 17% of the human

genome. LINE1s encode a reverse-transcriptase enzyme and

transpose via a copy-and-pastemechanism involving anRNA in-

termediate. Recent studies demonstrated that LINE1s become

de-repressed in aged tissues of humans and mice, leading to
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increased transcription, followed by reverse transcription and

formation of cytoplasmic DNA copies of LINE1 (De Cecco

et al., 2019; Simon et al., 2019). These cytoplasmic DNAs trigger

the IFN response via activation of the cGAS/STING pathway,

providing a new pathway for age-related sterile inflammation

(De Cecco et al., 2019; Simon et al., 2019). The cGAS/STING

pathway has also been implicated in cellular senescence, further

linking senescence to cytoplasmic DNA (Gl€uck et al., 2017; Yang

et al., 2017a). In addition to aging, activation of retrotransposable

elements and reactivity to DNA have also been associated with a

variety of autoimmune conditions in humans (reviewed in Volk-

man and Stetson, 2014).

Remarkably, bats are unique in their ability to tolerate DNA

transposable elements (Pritham and Feschotte, 2007). DNA

transposons move in the genome via a cut-and-paste mecha-

nism involving DNA intermediates. Such transposons are found

in invertebrates but are generally inactivated and fossilized in

the genomes of mammals. Only the vespertilionid family of

bats is known to harbor significant levels of active DNA transpos-

able elements. This bat family includes genusMyotis, which con-

tains the longest-lived bats and is discussed in several contexts

above, which suggests that these animals are exceptionally

healthy. The ability to tolerate active DNA transposons is likely

linked to dampened cytoplasmic DNA sensing.

Increasing evidence links cGAS/STING sensor to aging and

age-related disease. In mouse models, STING deficiency allevi-

ated phenotypes of prion-induced neurodegeneration and neu-

roinflammation (Nazmi et al., 2019). Premature aging syndrome

ataxia-telangiectasia (A-T) caused by mutation in ATM kinase

involved in DNA damage signaling is characterized by cancer

predisposition, radiosensitivity, and neurodegeneration. Both

A-T patients andAtm�/� animal models have higher serum levels

of proinflammatory cytokines and other inflammatory markers

than control subjects (Westbrook and Schiestl, 2010). Neuroin-

flammation in A-T is associated with activation of STING and

AIM2, and STING inhibition blocks the overproduction of neuro-

toxic cytokines (Song et al., 2019). Interestingly, it has also been

reported that progerin expression in Hutchinson-Gilford syn-

drome fibroblasts, which is known to confer genome instability

and replication stress, leads to cytoplasmic DNA and STING

activation (Kreienkamp et al., 2018).

Strikingly, in a recent study of an aging Polish cohort, a SNP

leading to reduced STING expression was associated with pro-

tection from age-related disease, particularly for chronic lung

disease (Hamann et al., 2019), where inflammation is a major

factor. The same SNP is also reported to be protective from

obesity-induced cardiovascular disease (Hamann et al., 2020).



Figure 5. Adaptation to High Population Density and Air Travel
Humans evolved to live in small family groups. The first cities were settled 3000 to 4000 B.C., but significant numbers of people moved to live in large cities only
over the last several centuries. Air travel is an evenmore recent development and became available in the last 100 years. Bats, however, have evolved to deal with
these challenges over the course of 60–70 million years.
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In summary, while STING activation is linked to age-related

conditions, dampened STING signaling seems to confer protec-

tion from age-related pathologies in both bats and humans.

The PYHIN gene family is completely lost in multiple bat line-

ages (Ahn et al., 2016; Zhang et al., 2013). While PYHINs are

reported to be upregulated in astrocytes and glial cells during

neuroinflammation (Cox et al., 2015), the role of the PYHIN

gene family in aging and age-related pathologies needs to be

explored in more detail.

NLRP3 inflammasome activity is dampened in bats (Ahn et al.,

2019). NRLP3 activates caspase-1 to mediate processing proin-

flammatory cytokines. The NLRP3 inflammasome has been

linked to metabolic and cognitive diseases, including obesity,

type 2 diabetes mellitus, and Alzheimer’s disease (Choi and

Ryter, 2014). Mice lacking NLRP3 are resistant to developing

Parkinson’s disease (Yan et al., 2015). IL-18, a product of inflam-

masome activation, may have crucial roles in the initiation and

progression of atherosclerosis (Duewell et al., 2010). Multiple

studies have found that NLRP3- and/or caspase-1-deficient

mice show improved glucose tolerance and insulin sensitivity

when exposed to a high-fat diet (Lee et al., 2013; Stienstra

et al., 2011; Vandanmagsar et al., 2011; Wen et al., 2011), impli-

cating NLRP3 in type 2 diabetes. Remarkably, ablation of the

NLRP3 inflammasome in mice extends the healthspan and at-

tenuates multiple age-related degenerative changes in the brain

and in peripheral tissues (Youm et al., 2013). These studies sug-

gest the NLRP3 inflammasome as an upstream target that con-

trols age-related inflammation and that lowering NLRP3 activity

may delay multiple age-related diseases driven by inflammation,

contributing to the long lifespan of bats and serving as a target

for lifespan and healthspan extension in humans.

Bats show dampened TNF-a expression in response to in-

flammatory stimuli (Banerjee et al., 2017). TNF-a is implicated

in a multitude of disease conditions, with enhanced activity

linked to a range of age-related diseases. TNF-a expression

plays a direct role in obesity-linked insulin resistance (Hotamisli-

gil et al., 1993). Activation of TNF-a is reported to contribute to

disease progression in atherosclerosis (Zhang et al., 2009);
neurodegenerative conditions such as Alzheimer’s disease,

Huntington’s disease, Parkinson’s disease, and amyotrophic

lateral sclerosis (Frankola et al., 2011; Greig et al., 2004; Yang

et al., 2017b); osteoarthritis (Malemud et al., 2003); sarcopenia

(Fan et al., 2016); and a range of other conditions. Thus, reduced

TNF-a response may contribute to bat longevity.

In the continuing arms race against pathogens, evolutionary

fitness requires a functional immune system. However, a highly

active immune systemmay increase fitness in young age but limit

longevity. One example is the ApoE4 allele in humans that im-

proves pathogen resistance in children but is associated with

significantly increased risk of dementia and atherosclerosis in

the elderly (reviewed in Abondio et al., 2019). Why did bat evolu-

tion result in adjusted immune system functions in a way that fa-

vors longevity? We speculate that bats’ exceptionally high expo-

sure to viral pathogens forced them to develop ways to co-exist

with viruses rather than to fight them. Bats are unique among

mammals in the size and density of their colonies, and in their abil-

ity to fly long distances, a trait that further increases pathogen

exposure (Hayman et al., 2013). Modern humans living in large

metropolises and enjoying air travel may be coming close to the

bat level of viral exposure. However, humans have only been en-

joying this lifestyle for less than 100 years, while bats evolved 60–

70 million years ago (Figure 5). We speculate that human immune

systems have not evolved to deal with such frequent exposure to

diverse viruses, which may manifest in a rise in autoimmune dis-

eases and our susceptibility to pandemics. It would take an unac-

ceptable amount of time for humans to naturally evolve adapta-

tions similar to those of bats that would allow us to live long and

healthy in these conditions; however, pharmacological interven-

tions might be developed to bring bat-like adaptations to humans

in a shorter time frame, reducing disease burden due to viral infec-

tions and delaying age-associated diseases.

Treatments Based on Bat Strategies
Bats have evolved multiple mechanisms to suppress inflamma-

tion, in particular by dampening nucleic acid sensing pathways.

A number of pharmacological interventions targeting nucleic
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Table 1. Bat Adaptations that Reduce Inflammation and Human Treatments

Bat Adaptations Human Treatments

Dampened Inflammation Target, Drug

Indications

Current Future

Dampened TNF TNF, TNFR antagonists autoimmune diseases age-related diseases

Dampened NLRP3 NLRP3 inflammasome inhibitors autoimmune diseases and age-related

diseases

Dampened STING signaling STING inhibitors and cGAS inhibitors autoimmune diseases and age-related

diseaseschloroquine malaria

aspirin inflammation, fever, and

age-related diseases

Deleted PYHIN genes inhibitors of AIM2, IFI16, IFIX, and MNDA autoimmune diseases and age-related

diseases

Tolerance of transposons HIV reverse transcriptase, nucleoside

analogs, LINE1 reverse transcriptase,

nuclease, ORF1 protein

HIV, other viral infections age-related diseases

Reduced senescence? senolytics age-related diseases
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acid sensing pathways had already been developed. Historical-

ly, the focus has been on developing activators of these path-

ways to serve as antiviral or anticancer drugs (reviewed in Van-

pouille-Box et al., 2019). However, with the realization that

inflammation contributes to a wide range of diseases from auto-

immunity to age-related conditions, the interest has shifted to

developing antagonists of nucleic acid sensors (Sheridan,

2019). This proved to be a challenging task due to high level of

redundancy within nucleic acid sensing pathways and the

danger of increasing vulnerability to infections. Here, the infor-

mation obtained from the studies of bats can assist in drug dis-

covery (Table 1).

TNF signaling is inhibited in bats (Banerjee et al., 2017) and

anti-TNF therapies are successfully used in the treatment of a

wide variety of autoimmune diseases such as rheumatoid

arthritis, psoriasis, ulcerative colitis, and Crohn disease (re-

viewed in Croft and Siegel, 2017). Anti-TNF therapeutics are typi-

cally monoclonal antibodies to either TNF or TNF receptors.

These drugs effectively alleviate inflammation, prevent tissue

destruction, and reduce patient mortality (Monaco et al., 2015).

Interestingly, arthritis patients treated with TNF antagonists

also showed improvements in cardiovascular conditions (Tam

et al., 2014), suggesting that TNF inhibition may confer a broader

benefit for age-related diseases.

NLRP3 inflammasome is dampened in bats (Ahn et al., 2019),

and aberrant activation of NLRP3 is linked to a wide range of

age-related diseases. Several direct NLRP3 inhibitors have

been reported that alleviate inflammatory conditions in mice

(Coll et al., 2015; He et al., 2014; Jiang et al., 2017). Many new

inhibitors with improved potency and safety profiles are being

developed to treat inflammatory conditions including age-

related diseases such as Alzheimer’s, Parkinson’s, and cardio-

vascular diseases (reviewed in Zahid et al., 2019).

Bats showadampenedcGAS-STINGpathway (Xie et al., 2018).

Remarkably, recent progress in drug development has been

achieved precisely in targeting these two proteins (reviewed in

Ding et al., 2020). Small molecule inhibitors of STING have

recently been reported (Haag et al., 2018; Li et al., 2018). These

molecules reduced STING-mediated inflammatory cytokine pro-
38 Cell Metabolism 32, July 7, 2020
duction in both human and mouse cells and were effective in

ameliorating inflammatory conditions in mouse models (Haag

et al., 2018). cGAS inhibitors are also being developed (Lama

et al., 2019). The first application of these compounds will be for

the treatment of autoimmune conditions, but ultimately regimens

may bedevelopedwhere these compounds target aging and age-

related diseases. Remarkably, several old and widely used drugs

have been found to attenuate cGAS. This includes aspirin (Dai

et al., 2019) and antimalarial drugs quinacrine and chloroquine

(An et al., 2015; Piscianz et al., 2018), supporting the idea that tar-

geting pathways inhibited in bats confers health benefits to hu-

mans. Interestingly, aspirin is widely used, although controver-

sially, in small doses to reduce cardiovascular disease risk

(Ittaman et al., 2014; McNeil et al., 2018), and it has been shown

to extend lifespan modestly in male mice (Strong et al., 2008).

Bats may also help identify novel therapeutic targets. As dis-

cussed above, bats lost the entire PYHIN family of genes respon-

sible for nucleic acid sensing (Ahn et al., 2016; Zhang et al., 2013).

Itwill be interesting to explore pharmacological targeting of PYHIN

genes, such as AIM2, IFI16, and others, for the treatment of age-

related and autoimmune conditions. Interestingly, AIM2-deficient

mice do not show severe adverse phenotypes, but display

enhanced resistance to ionizing radiation (Hu et al., 2016).

Recent studies showed that retrotransposons become acti-

vated with age and drive sterile inflammation via cGAS-STING

pathway (De Cecco et al., 2019; Simon et al., 2019). Bats are

also particularly good at handling transposable elements (Pritham

and Feschotte, 2007). Remarkably, inhibiting retrotransposition

activity using nucleoside reverse-transcriptase inhibitors devel-

oped to target HIV reverse transcriptase ameliorated age-related

inflammation in mouse models (De Cecco et al., 2019; Simon

et al., 2019). Mice showed reduced expression of inflammatory

cytokines; lower expression of the p16INK4A gene, which is a

marker of cellular senescence and aging; and reduced methyl-

ation age. Treatment of progeroid SIRT6-deficient mice with

nucleoside reverse-transcriptase inhibitors doubled the mouse

lifespan, reduced inflammation, and alleviated pathology across

multiple tissues (Simon et al., 2019). Therefore, targeting retro-

transposable elements may be a promising strategy to ameliorate
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age-related inflammation. In addition to existing nucleoside ana-

logs that serve as chain terminators for generic reverse transcrip-

tases, specific inhibitors targeting LINE1 reverse transcriptase or

endonuclease protein can be developed, which would have lower

toxicity for other cellular polymerases. Such compounds may

even be used to promote heathy aging.

Senescent cells have been shown to contribute to develop-

ment of a variety of age-related conditions by promoting sterile

inflammation (reviewed in Freund et al., 2010). Little is known

about cellular senescence in bats. However, since senescence

requires cGAS (Gl€uck et al., 2017; Yang et al., 2017a), and bats

dampen cGAS-STING signaling (Xie et al., 2018), one can spec-

ulate that the senescence response is attenuated in bats. Thus,

senolytic compounds that selectively eliminate senescent cells

(Wissler Gerdes et al., 2020) may be another way to pharmaco-

logically promote bat-like adaptations in humans. It is already re-

ported that genetic strategies to ablate senescent cells lead to

healthspan and lifespan extension in mice (Baker et al., 2016;

Jeon et al., 2017). Many different senolytic molecules have

been identified (Fuhrmann-Stroissnigg et al., 2018; Kirkland

and Tchkonia, 2017), and several are reported to delay aging

and/or protect against age-related diseases (Chang et al.,

2016; Xu et al., 2018; Yousefzadeh et al., 2018).
Future Perspectives
In summary, besides serving as a source of deadly diseases and

harboring viruses similar to SARS-CoV-2, which caused the cur-

rent pandemics, bats have a lot to offer humanity by illuminating

the pathways to develop novel therapeutics to treat age-related

conditions and promote longevity. Already studies of the altered

innate immune responses in bats point to several classes of

small molecules, some of which have links to aging. However,

we can only see the tip of the iceberg when it comes to under-

standing how bats deal with inflammation, and clearly more

studies are warranted. This is also true for other hallmarks of ag-

ing, which are still minimally explored. In addition to finding small

molecules targeting specific pathways that can be tested in hu-

mans, it will be of interest to engineer specific bat alterations in

mice and determine whether this leads to enhanced lifespan

and healthspan.

Bats have evolved skewed, and ultimately successful, strate-

gies to experience longer and healthier lives, even if this is a sec-

ondary outcome of selection for responses to viral infections

and/or the dramatic range of metabolic states that accompany

periods of flight and torpor. Humans in the last century have

created a lifestyle that has gone bats; we live in high densities

and (many of us) travel extensively, enhancing exposure to and

spread of pathogens. By embracing ‘‘batty’’ strategies to deal

with the challenges that our new lifestyle presents, we may be

able to solve what look to be the two biggest medical challenges

of the 21st century: the rise of viral pandemics and the ever-

increasing prevalence of chronic diseases that all share aging

as their biggest risk factor.
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