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Hibernation, a period where bats have suppressed immunity and
low body temperatures, provides the psychrophilic fungus
Pseudogymnoascus destructans the opportunity to colonise bat
skin, leading to severe disease in susceptible species. Innate
immunity, which requires less energy and may remain more active
during torpor, can control infections with local inflammation in some
bat species that are resistant to infection. If infection is not controlled
before emergence from hibernation, ineffective adaptive immune
mechanisms are activated, including incomplete Th1, ineffective
Th2, and variable Th17 responses. The Th17 and neutrophil
responses, normally beneficial antifungal mechanisms, appearto be
sources of immunopathology for susceptible bat species, because
they are hyperactivated after return to homeothermy. Non-
susceptible species show both well-balanced and suppressed
immune responses both during and after hibernation.
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Introduction

Mammalian immunity displays a specialised response to
fungi over bacteriaand viruses [1]. The antifungal response
strikes a careful balance between allowing colonisation and
limiting growth in a way that minimises both harm to the
host and energy usage [2]. The host’s sophisticated innate

and adaptive immune systems, combined with high body
temperatures, constitute two important barriers for fungi,
preventing life-threatening diseases [3]. However, when
individuals are immuno-compromised, fungal infections
are not uncommon. The pathology associated with fungal
diseases can either be predominantly driven by the fungal
pathogen itself or by an overreaction of the host immune
system [4]. Heterothermic mammals such as bats present
unique characteristics regarding the interplay between
thermoregulatory behaviour and the operation of their
immune system. Many insectivorous bat species utilize
prolonged hibernation (e.g. several weeks or months [5,6]),
during which their immune system is mostly at a standstill
[7], exceptduring periodic arousals, lasting some hours, that
interrupt their bouts of torpor. During torpor, the body
temperature of the bat falls drastically to match the ambient
temperature of their hibernaculum (e.g. 5—10°C [8]).
These hibernating bats are prone to infection by the
psychrophilic fungus, Pseudogymnoascus destructans, which
causes white-nose disease (WND; the disease associated
with white-nose syndrome, WNS [9]). The fungus grows on
and into the exposed skin (i.e. wing) of hibernating bats but
is cleared during their active season [10,11].

"The host responses, which occur during P. destructans infec-
tion, provide an intriguing scenario for investigation on how
thermoregulation modulates antifungal immunity in mam-
mals. T'oadd furtherinterest, P. destructans infects several bat
species. Some species are severely affected with common
lethal outcomes (e.g. several Nearctic species, including
Myotis lucifugus) while others are largely unaffected by the
infection, such as species in the Palearctic (e.g. Myotis myotis),
which likely co-evolved with the fungus [12-14]. Here, we
review bat host responses to the fungal pathogen, and relate
these to responses in normothermic mammals.

Innate immune system responses to mycosis
Upon colonization of the skin and penetration of the
epithelial barrier, innate immune responses can be trig-
gered [15]. If the innate response is not sufficient to
restore a balanced host-microbe community, then the
innate inflammatory response is intimately connected to
the activation and amplification of adaptive immune
responses [16,17]. Constitutively expressed pattern-rec-
ognition receptors (PRRs) recognize pathogen-associated
molecular patterns (PAMPs), allowing the innate immune
system to respond quickly to invading pathogens. For
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Outcomes of immune responses in homeothermic and heterothermic
mammals. A Th-17 response can either be protective, or lead to
immunopathology, depending on metabolic activity of the host.
Created with BioRender.com.

fungal infections, these PAMPs are cell-wall components,
recognized by PRRs such as Dectin and other members of
the C-type lectin receptor (CLR) family and toll-like
receptors (TLLR) [18]. These receptors are expressed in
epithelial tissues by keratinocytes, innate immune cells,
and adaptive immune cells (Figures 1 and 2). The acti-
vation of these receptors, together with the sensing of
damage-associated molecular patterns, initiates an
inflammatory response that both limits the growth of
the fungal invader and triggers a complex cascade of
immune responses at both the local and systemic levels.

The response to fungal infection begins at the local site of
infection, continues at a regional lymph node, and ulti-
mately generates systemic responses. In a WND-suscep-
tible species such as M. lucifugus, localized changes in
gene expression indicate a robust innate inflammatory
response to infection, but only once bats have aroused
from torpor [19]. These local changes in gene expression
include increased expression of inflammatory cytokines
(such as ILIB and [IL06), chemokines (like CCLZ2), and
enzymes (like PTSG2), and also several CLLRs and TLRs
that would increase the ability to detect PAMPs. Corre-
sponding effects are seen on both the regional [20] and
systemic level [21]; aroused M. lucifugus with severe
infection appear to have increased the expression of
numerous cytokines, including interleukins and chemo-
kines. However, a similar pattern of local gene expression
changes is not triggered in M. myotis [22°], a Palearctic bat

species that does not exhibit wide-spread mortality due to
P. destructans infection [23]. Together, these studies of
gene expression suggest the anti-fungal immune response
triggered during P. destructans infection in severely
affected species is similar to other mammals [24], but
the effector mechanisms may be delayed by hibernation.
However, more work is needed to understand innate
mechanisms for anti-fungal immune responses and how
they are affected by heterothermy, seeing as they may
play a big part in evolution towards tolerance or resistance
towards the pathogen [25,26°].

Adaptive immune system responses to
mycosis

In normothermic mammals, peptide antigens from extra-
cellular pathogens, such as P. destructans, are presented by
MHC class-II molecules [27]. The response is then
mediated by T-helper cells (Th-cells), which influence
the specific adaptive immunity pathway taken, depend-
ing on the antigen of the invading pathogen and the
cytokine environment presented by the innate immunity
system [28]. Not all pathways can counter a fungal infec-
tion (Figure 1). The cellular Th1 pathway enhances the
ability of macrophages and cytotoxic T cells against
intracellular pathogens, whereas the humoral Th2 path-
way advances an antibody response, stimulating mast
cells, histamines, and eosinophils in response to extracel-
lular pathogens [28]. The expression of 11.-17 by innate
pathways and the adaptive cellular Th17 pathway adds to
the cascade of inflammatory responses leading to the
activation of neutrophils [29]; the combined effector
actions of Th17 cells and neutrophils lead to an effective
response to fungal infections [1], at least in normothermic
mammals. However, many of these adaptive pathways are
energetically costly [30] and suppressed during torpor to
conserve energy [7]. These response pathways have been
investigated in association with P. destructans infection.

The Th1 response

The initial forays into investigating Th1-responses used
proxies to deduce the involvement of the pathway during
infection. For instance, the lower antioxidative ability
measured in the blood of infected M. Jucifugus [31] were
associated with the function of the Th1 cytokine /FN-y,
which can trigger the release of oxidative free radicals to
damage internal pathogens [32]. This is often reflected as
lack of antioxidant ability [31], a response recently echoed
in M. myotis [26°]. The involvement of this pathway was
further enforced by the higher bactericidal ability seen in
infected M. /lucifugus blood [33] suggesting a Thl
response, due to the associated increase in leukocyte
count [31].

Histopathology of infected wing tissue [34] and studies on
transcriptional and translational activity in the wing tissue
transcripts of M. lucifugus [19,21] showed that the Thi
response was incomplete. Despite the required
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IL-17 response pathway in M. lucifugus leading to immunopathology by the end of the hibernation period. Created with BioRender.com.

chemokines being present, leukocytes are not recruited to
the site of infection until after bats emerge from hiber-
nation and shift to homeothermy, due to the severe
reduction in their concentration during hibernation
[19,34,35]. Furthermore, there is no evidence of an
increase in translation of proteins that mitigate oxidative
stress in infected M. Jucifugus [36°]. The absence of a
complete Th1 response [19] has been suggested to be due
to the reduced energy availability that is a characteristic of
hibernation [30] and also the absence of circulating leu-
kocytes [37]. Heterothermy may modulate activating
signals to effector phagocytes and the resulting inflam-
matory responses leading to adaptive immunity. For
instance, a vaccine using highly immunogenic fungal
antigens was found to provide some protection against
P. destructans infection, but this protection was not
strongly associated with either a Thl (/FN-y) or a
Th17 (IL.-17) response [38°]. Notably, this immunization
was performed on bats housed at 21-24°C, where they
would be expected to exhibit some heterothermy but
would have been unable to fully enter torpor for energy
conservation. Further study is needed to determine if this
vaccine strategy would be more or less effective during
the hibernation period or in fully homeothermic bats (i.e.
housed at their thermoneutral zone).

The Th2 response

In general, an antibody-mediated response promoted by
Th2 cells is not effective against fungal infections [2], and
the promotion of this pathway dampens protective Th1 or
Th17 responses. While M. /ucifugus appears able to mount
an antibody response to P. destructans [39], at least once
they have emerged from hibernation, this response does
not protect the bat host from subsequent infection [20]. In
fact, it may actually prime the immune system for greater
pathology in subsequent hibernation seasons, which may
partially explain the higher observed mortality at hiber-
nation sites in the second winter after the detection of the
pathogen [40]. Thus, antibody-mediated immunity can-
not explain survival of Palearctic bats infected with P.
destructans and humoral responses are not a ubiquitous
response among Myotis bats infected by this fungal path-
ogen (Figure 1).

Th17 response: the good, the bad and the ugly
The Th17 response can be an effective antifungal mech-
anism. Deficiencies in the Thl7-pathway predispose
humans and mice to fungal infections [41], and Dectin-
1, a CLR involved in immune regulation, has been
associated with this pathway [42]. However, a failure to
regulate the Th17 response can lead to chronic
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inflammation and failure to resolve the infection [43,44].
In mammals, the mechanisms linking inflammation to
chronic infection have been associated with IL-17A,
which effectively promotes neutrophil recruitment to a
point where the inflammatory potential can no longer be
impeded [45], all while directly promoting fungal viru-
lence [46].

Infection by P. destructans initiates the 'T'h17-pathway in
M. lucifugus [20]. The role of cytokines associated with the
pathway during the hibernation period have further been
confirmed in a number of studies using transcriptomics
[21,22°]. For instance, the upregulation of 11.-23 is seen
both at the site of infection [21] and in another tissue
(lung) without infection [47]. I[.-23 stimulates the matu-
ration of 'Th17 cells, but has also been linked to chronic
inflammation, and to intensifying the negative impact of a
fungal Aspergillus infection [48]. Further Th17-associated
cytokines IL-6 and IL-17C [49] were found to be upre-
gulated in infected M. /lucifugus in three separate tran-
scriptomic studies [19,21,22°].

While the Th17 response can be beneficial, excessive
expression of associated cytokines has been implicated in
chronic inflammation [50]. Consistent with pathologic
inflammatory responses, WND-susceptible species show
very high levels of inflammatory cytokine transcripts,
including 11.-6 [21,22°], and a potential febrile response
[51]. Torpor appears to limit the inflammatory effector
pathways normally activated by Th17 pathways [20],
setting up a pathological level of inflammation once bats
emerge from hibernation. Increased levels of Th17 cells
and the IL-6 cytokine have also been strongly associated
with immune reconstitution inflammatory syndrome
(IRIS) [52]. This syndrome is characterised by a rigorous
response after the restoration of immune function after a
period of suppressed immunity (e.g. during hibernation),
which can exacerbate symptoms [7,53]. Three weeks
after arousal and a return to elevated body temperature,
the wing pathology of some M. lucifugus bats begins to
increase [34,54°] and the metabolic rate remains elevated
[55]. The Th17 pathway may therefore be amplified from
an effective antifungal mechanism to a harmful immuno-
pathological response during the arousals occurring dur-
ing the hibernation period (Figure 2).

Resistance, tolerance and coevolution

Interestingly, local cytokine-mediated responses seem to
be dampened in the apparently tolerant Palearctic spe-
cies, M. myotis, but not in the resistant Nearctic species,
Eptesicus fuscus (Figure 3). A comparison of the transcrip-
tomes of infected and non-infected tissues of M. lucifugus
and M. myotis revealed that the former had 1526 signifi-
cantly differentially expressed transcripts, whereas the
latter had a single downregulated transcript [22°]. This
suggests euthermic, recently aroused M. myotis does not
actively respond to the invasion of its tissues by P.

Figure 3
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An approximate overview in light of current knowledge on the effective
response and the level of immunopathology caused by P. destructans
infection in Nearctic E. fuscus and M. lucifugus, and in Palearctic M.
myotis. Created with BioRender.com.

destructans [26°]. This transcriptomic effect was echoed
in a plasma proteome comparison between the same two
species, where 11 out of the 157 proteins show signifi-
cantly different abundance in infected M. Jucifugus, com-
pared to no difference in abundance in M. myotis [36°].
However, the apparently resistant K. fuscus show robust
changes in gene expression in response to P. destructans
infection, including IL6, 11L1B, 1120, IL.-23A, 1L.-24, G-
CSF, CCL2, CCL20 and PTGS2, which are very similar
to those seen in M. lucifugus [19,56°], yet with no signs of
immunopathology [57]. Compared to the relatively unre-
sponsive M. myotis, the susceptibility seen in M. lucifugus is
suggested to be from an overstimulation of the immune
system at a local level, which is ultimately ineffective in
fighting off the infection. The difference between the
effective response shown by E. fuscus and the ineffective
response by M. lucifugus could be due to critical pathways
that are differentially regulated, the timing of the
responses, and/or the magnitude of the responses. Recent
studies on K. fuscus also suggest the microbiome and
cutancous fatty acids could contribute to their resistance
[58,59], in addition to their active immune response.
Further investigation is needed for a better understand-
ing of the net effect of each component in the observed
resistance.

The differences in immune responses between the
Nearctic and Palearctic Myotis species may be down to
two factors: (1) whether the innate immune system can
keep the infection in check during hibernation and (2) the
strength and type of adaptive immune system pathways
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activated after emergence. The most cromulent explana-
tion is whether the host attempts to resist or tolerate the
pathogen. If they are unsuccessful in resisting pathogen
colonization using innate mechanisms during hiberna-
tion, the resistance mechanisms meant to protect the
host can result in harm instead [60], once the bat emerges
from hibernation and hyper-inflammation is triggered.
Tolerance can be derived from the host counteracting
this immunopathology; in effect by not responding to the
invading pathogen [61]. The severe impact of the disease
on populations of M. lucifugus may be due to damage
caused by an attempted immune response, while the root
of tolerance in other species may be due to a combination
of effective innate control of the pathogen and suppres-
sion of a damaging response after emergence.

The extensive coevolution between the bat host and the
fungus in the Palearctic may have led to a commensal
relationship [25,62]. So far, only M. myotis has been
studied in detail with regards to P. destructans infection
in the Palearctic. However, a number of other Palearctic
species also show infection [10,12,63], that in some often
results in either no damage or clinically inapparent dam-
age to the host, fitting the description of commensalism
[64]. Although many factors can contribute to this, such as
hibernation site selection [65,66], hibernation behaviour
[67], and resistance via the microbiome [68], the ability of
the innate and adaptive immune system to recognize
commensal and pathogenic fungi deserves more attention
as a mechanism of tolerance [69].

Conclusions

Torpor allows bats to survive the winter, but allows
colonisation by the psychrophilic fungal pathogen, P.
destructans. In highly susceptible bat species, the recon-
stitution of the immune system upon emergence appears
to result in immunopathology via a hyperinflammatory
Th17 response. T'wo different strategies may allow sur-
vival of WND: a resistance strategy allowing an effective
(innate) immune response that avoids excessive inflam-
mation; or a tolerance strategy, where survival appears to
be aided by a lack of a costly immune response. Under-
standing how torpor modulates responses to P. destructans
infection is key to understanding disease severity. Fur-
ther study in different species, in both torpid and aroused
states, should be carried out to search for similarity in the
responses of susceptible and tolerant bat species, as well
as to understand the extent of the continuum leading to
commensalism between the bat host and fungal
pathogen.

Conflict of interest statement
Nothing declared.

CRediT authorship contribution statement
Flora Whiting-Fawcett: Conceptualization, Writing -
original draft. Kenneth A Field: Supervision, Writing -

review & editing. Sébastien J Puechmaille: Writing -
review & editing. Anna S Blomberg: Visualization, Writ-
ing - review & editing. Thomas M Lilley: Conceptuali-
zation, Supervision, Writing - original draft.

Acknowledgements

FWF was funded by ACCE NERC, KAF was funded by Bucknell
University Scholarly Development Grant, SJP research was supported by a
Deutsche Forschungsgemeinschaft grant (grant # PU 527/2-1), ASB was
funded by Koneen S#iti6 (grant #201710231), and 'TML was funded by
Academy of Finland (grant #331515).

References and recommended reading
Papers of particular interest have been highlighted as:

e of special interest

1. Luckheeram RV, Zhou R, Verma AD, Xia B: CD4+T cells:
differentiation and functions. Clin Dev Immunol 2012, 2012:80-
92.

2. Borghi M, Renga G, Puccetti M, Oikonomou V, Palmieri M,
Galosi C, Bartoli A, Romani L: Antifungal Th immunity: growing
up in family. Front Immunol 2014, 5:506.

3. Casadevall A: Fungal virulence, vertebrate endothermy, and
dinosaur extinction: is there a connection? Fungal Genet Biol
2005, 42:98-106.

4. Gow NAR, Netea MG: Medical mycology and fungal
immunology: new research perspectives addressing a major
world health challenge. Philos Trans R Soc Lond B Biol Sci 2016,
371.

5. Thomas DW, Geiser F: Periodic arousals in hibernating
mammals: is evaporative water loss involved? Funct Ecol 1997,
11:585-591.

6. Lilley TM, Johnson JS, Ruokolainen L, Rogers EJ, Wilson CA,
Schell SM, Field KA, Reeder DM: White-nose syndrome
survivors do not exhibit frequent arousals associated with
Pseudogymnoascus destructans infection. Front Zool 2016,
13:1-8.

7. Bouma HR, Carey HV, Kroese FGM: Hibernation: the immune
system at rest? J Leukoc Biol 2010, 88:619-624.

8. Twente JW, Twente J, Brack V Jr: The duration of the period of
hibernation of three species of vespertilionid bats. Il.
Laboratory studies. Can J Zool 1985, 63:2955-2961.

9.  Frick WF, Puechmaille SJ, Willis CKR: White-nose syndrome in
bats. In Bats in the Anthropocene: Conservation of Bats in a
Changing World. Edited by Voigt CC, Kingston T. Springer
International Publishing; 2016:245-262.

10. Puechmaille SJ, Wibbelt G, Korn V, Fuller H, Forget F,
Muehldorfer K, Kurth A, Bogdanowicz W, Borel C, Bosch T et al.:
Pan-European distribution of white-nose syndrome fungus
(Geomyces destructans) not associated with mass mortality.
PLoS One 2011, 6:e19167.

11. Langwig KE, Frick WF, Reynolds R, Parise KL, Drees KP, Hoyt JR,
Cheng TL, Kunz TH, Foster JT, Kilpatrick AM: Host and pathogen
ecology drive the seasonal dynamics of a fungal disease,
white-nose syndrome. Proc R Soc B 2015, 282:20142335.

12. Zukal J, Bandouchova H, Brichta J, Cmokova A, Jaron KS,
Kolarik M, Kovacova V, Kubatova A, Novakova A, Orlov O et al.:
White-nose syndrome without borders: Pseudogymnoascus
destructans infection tolerated in Europe and Palearctic Asia
but not in North America. Sci Rep 2016, 6:19829.

18. Fischer NM, Dool SE, Puechmaille SJ: Seasonal patterns of
Pseudogymnoascus destructans germination indicate host -
pathogen coevolution. Biol Lett 2020, 16:1-5.

14. Leopardi S, Blake D, Puechmaille SJ: White-nose syndrome
fungus introduced from Europe to North America. Curr Biol
2015, 25:R217-R219.

www.sciencedirect.com

Current Opinion in Microbiology 2021, 62:61-67


http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0005
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0005
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0005
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0010
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0010
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0010
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0015
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0015
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0015
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0020
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0020
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0020
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0020
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0025
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0025
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0025
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0030
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0030
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0030
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0030
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0030
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0035
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0035
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0040
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0040
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0040
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0045
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0045
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0045
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0045
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0050
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0050
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0050
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0050
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0050
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0055
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0055
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0055
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0055
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0060
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0060
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0060
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0060
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0060
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0065
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0065
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0065
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0070
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0070
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0070

66

15.

16.

17.

18.

19.

20.

21.

22.

Host-microbe interactions: fungi

Netea MG, Brown GD, Kullberg BJ, Gow NAR: An integrated
model of the recognition of Candida albicans by the innate
immune system. Nat Rev Microbiol 2008, 6:67-78.

Blanco JL, Garcia ME: Immune response to fungal infections.
Vet Immunol Immunopathol 2008, 125:47-70.

Lionakis MS, Levitz SM: Host control of fungal infections:
lessons from basic studies and human cohorts. Annu Rev
Immunol 2018, 36:157-191.

Nikolakopoulou C, Willment JA, Brown GD: C-Type lectin
receptors in antifungal immunity. In Lectin in Host Defense
against Microbial Infections. Edited by Hsieh S-L. Springer;
2020:1-30.

Field KA, Sewall BJ, Prokkola JM, Turner GG, Gagnon MF,
Lilley TM, White JP, Johnson JS, Hauer CL, Reeder DM: Effect of
torpor on host transcriptomic responses to a fungal pathogen
in hibernating bats. Mol Ecol 2018, 27:3727-3743.

Lilley TM, Prokkola JM, Johnson JS, Rogers EJ, Gronsky S,
Kurta A, Reeder DM, Field KA: Immune responses in hibernating
little brown myotis (Myotis lucifugus) with white-nose
syndrome. Proc R Soc B 2017, 284:20162232.

Field KA, Johnson J, Lilley T, Reeder S, Rogers E, Behr M,
Reeder D: The white-nose syndrome transcriptome: activation
of anti-fungal host responses in wing tissue of hibernating
bats. PLoS Pathog 2015, 11:e1005168.

Lilley TM, Prokkola JM, Blomberg AS, Paterson S, Johnson JS,
Turner GG, Bartonicka T, Bachorec E, Reeder DM, Field KA:
Resistance is futile: RNA-sequencing reveals differing
responses to bat fungal pathogen in Nearctic Myotis lucifugus
and Palearctic Myotis myotis. Oecologia 2019, 191:296-309
http://dx.doi.org/10.1007/s00442-019-04499-6

The authors showed differences in immune responses to the fungal
pathogen, P. destructans, between Palearctic and Nearctic bat species.

23.

24.

25.

26.

Fritze M, Puechmaille SJ: Identifying unusual mortality events in
bats: a baseline for bat hibernation monitoring and white—
nose syndrome research. Mammal Rev 2018, 48:224-228.

LeibundGut-Landmann S, Wuethrich M, Hohl TM: Immunity to
fungi. Curr Opin Immunol 2012, 24:449-458.

Harazim M, Horacéek |, JakesSova L, Luermann K, Moravec JC,
Morgan S, Pikula J, Sosik P, VavruSova Z, Zahradnikova A et al.:
Natural selection in bats with historical exposure to white-
nose syndrome. BMC Zool 2018, 3:8.

Fritze M, Puechmaille SJ, Costantini D, Fickel J, Voigt CC,
Czirjak GA: Determinants of defence strategies of a hibernating
European bat species towards the fungal pathogen
Pseudogymnoascus destructans. Dev Comp Immunol 2021,
119:104017 http://dx.doi.org/10.1016/j.dci.2021.104017

The authors show that hibernating European bats infected with the fungal
pathogen Pseudogymnoascus destructans do not interrupt the torpor
state due to the infection.

27.

28.

29.

30.

31.

32.

Savage AE, Zamudio KR: MHC genotypes associate with
resistance to a frog-killing fungus. PNAS 2011, 108:16705-
16710.

Zimmerman LM, Bowden RM, Vogel LA: A vertebrate cytokine
primer for eco-immunologists. Funct Ecol 2014, 28:1061-1073.

Hemdan NYA, Birkenmeier G, Wichmann G, Abu EI-Saad AM,
Krieger T, Conrad K, Sack U: Interleukin-17-producing T helper
cells in autoimmunity. Autoimmun Rev 2010, 9:785-792.

Ganeshan K, Nikkanen J, Man K, Leong YA, Sogawa Y,
Maschek JA, Van Ry T, Chagwedera DN, Cox JE, Chawla A:
Energetic trade-offs and hypometabolic states promote
disease tolerance. Cell 2019, 177:399-413 http://dx.doi.org/
10.1016/j.cell.2019.01.050.

Moore MS, Reichard JD, Murtha TD, Nabhan ML, Pian RE,
Ferreira JS, Kunz TH: Hibernating little brown myotis (Myotis
lucifugus) show variable immunological responses to white-
nose syndrome. PLoS One 2013, 8:e58976.

Lambeth JD: NOX enzymes and the biology of reactive oxygen.
Nat Rev Immunol 2004, 4:181-189.

33.

34.

35.

36.

Moore MS, Reichard JD, Murtha TD, Zahedi B, Fallier RM,

Kunz TH: Specific alterations in complement protein activity of
little brown myotis (Myotis lucifugus) hibernating in white-
nose syndrome affected sites. PLoS One 2011, 6:e27430.

Meteyer CU, Barber D, Mandl JN: Pathology in euthermic bats
with white nose syndrome suggests a natural manifestation of
immune reconstitution inflammatory syndrome. Virulence
2012, 3:583-588.

Wibbelt G, Puechmaille SJ, Ohlendorf B, Muehldorfer K, Bosch T,
Goerfoel T, Passior K, Kurth A, Lacremans D, Forget F: Skin
lesions in European hibernating bats associated with
Geomyces destructans, the etiologic agent of white-nose
syndrome. PLoS One 2013, 8:e74105.

Hecht-Hoger AM, Beate CB, Krause E, Meschede A, Krahe R,
Voigt CC, Greenwood AD, Czirjak GA: Plasma proteomic profiles
differ between European and North American myotid bats
colonized by Pseudogymnoascus destructans. Mol Ecol 2020,
29:1745-1755

The authors confirm lack of responses to fungal infection in European
bats at a translational level.

37.

38.

Bouma HR, Kroese FGM, Kok JW, Talaei F, Boerema AS,
Herwig A, Draghiciu O, van Buiten A, Epema AH, van Dam A et al.:
Low body temperature governs the decline of circulating
lymphocytes during hibernation through sphingosine-1-
phosphate. Proc Natl Acad Sci U S A 2011, 108:2052-2057.

Rocke TE, Kingstad-Bakke B, Wiithrich M, Stading B, Abbott RC,
Isidoro-Ayza M, Dobson HE, Dos Santos Dias L, Galles K,
Lankton JS et al.: Virally-vectored vaccine candidates against
white-nose syndrome induce anti-fungal immune response in
little brown bats (Myotis lucifugus). Sci Rep 2019, 9:6788

Authors show, using a vaccine, that a Th1 response can be effective
against P. destructans if administered while the host is normothermic.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Johnson JS, Reeder DM, Lilley TM, Czirjak GA, Voigt CC,
McMichael JW, Meierhofer MB, Seery CW, Lumadue SS,
Altmann AJ et al.: Antibodies to Pseudogymnoascus
destructans are not sufficient for protection against white-
nose syndrome. Ecol Evol 2015, 5:2203-2214 http://dx.doi.org/
10.1002/ece3.1502.

Langwig KE, Hoyt JR, Parise KL, Kath J, Kirk D, Frick WF,
Foster JT, Kilpatrick AM: Invasion dynamics of white-nose
syndrome fungus, midwestern United States, 2012-2014.
Emerg Infect Dis 2015, 21:1023-1026.

Lopez Robles MD, Pallier A, Huchet V, Le Texier L, Remy S,
Braudeau C, Delbos L, Moreau A, Louvet C, Brosseau C et al.:
Cell-surface C-type lectin-like receptor CLEC-1 dampens
dendritic cell activation and downstream Th17 responses.
Blood Adv 2017, 1:557-568.

Tone K, Stappers MHT, Willment JA, Brown GD: C-type lectin
receptors of the dectin-1 cluster: physiological roles and
involvement in disease. Eur J Immunol 2019, 49:2127-2133.

Zelante T, De Luca A, Bonifazi P, Montagnoli C, Bozza S, Moretti S,
Belladonna ML, Vacca C, Conte C, Mosci P et al.: IL-23 and the
Th17 pathway promote inflammation and impair antifungal
immune resistance. Eur J Immunol 2007, 37:2695-2706.

Loures FV, Pina A, Felonato M, Calich VLG: TLR2 Is a negative
regulator of Th17 cells and tissue pathology in a pulmonary
model of fungal infection. J Immunol 2009, 183:1279-1290.

Romani L, Zelante T, Luca AD, Fallarino F, Puccetti P: IL-17 and
therapeutic kynurenines in pathogenic inflammation to fungi.
J Immunol 2008, 180:5157-5162.

Zelante T, lannitti RG, De Luca A, Arroyo J, Blanco N, Servillo G,
Sanglard D, Reichard U, Palmer GE, Latge J-P et al.: Sensing of
mammalian IL-17A regulates fungal adaptation and virulence.
Nat Commun 2012, 3:683.

Rapin N, Johns K, Martin L, Warnecke L, Turner JM, Bollinger TK,
Willis CKR, Voyles J, Misra V: Activation of Innate immune-
response genes in little brown bats (Myotis lucifugus) infected
with the fungus Pseudogymnoascus destructans. PLoS One
2014, 9:e112285.

Zelante T, Bozza S, Luca AD, D’Angelo C, Bonifazi P, Moretti S,
Giovannini G, Bistoni F, Romani L: Th17 cells in the setting of

Current Opinion in Microbiology 2021, 62:61-67

www.sciencedirect.com


http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0075
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0075
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0075
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0080
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0080
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0085
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0085
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0085
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0090
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0090
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0090
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0090
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0095
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0095
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0095
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0095
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0100
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0100
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0100
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0100
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0105
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0105
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0105
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0105
http://dx.doi.org/10.1007/s00442-019-04499-6
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0115
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0115
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0115
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0120
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0120
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0125
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0125
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0125
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0125
http://dx.doi.org/10.1016/j.dci.2021.104017
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0135
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0135
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0135
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0140
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0140
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0145
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0145
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0145
http://dx.doi.org/10.1016/j.cell.2019.01.050
http://dx.doi.org/10.1016/j.cell.2019.01.050
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0155
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0155
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0155
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0155
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0160
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0160
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0165
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0165
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0165
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0165
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0170
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0170
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0170
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0170
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0175
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0175
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0175
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0175
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0175
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0180
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0180
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0180
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0180
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0180
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0185
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0185
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0185
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0185
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0185
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0190
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0190
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0190
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0190
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0190
http://dx.doi.org/10.1002/ece3.1502
http://dx.doi.org/10.1002/ece3.1502
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0200
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0200
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0200
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0200
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0205
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0205
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0205
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0205
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0205
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0210
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0210
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0210
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0215
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0215
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0215
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0215
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0220
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0220
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0220
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0225
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0225
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0225
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0230
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0230
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0230
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0230
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0235
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0235
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0235
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0235
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0235
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0240
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0240

49.

50.

51.

52.

53.

54.

Heterothermy and antifungal responses in bats Whiting-Fawcett et al. 67

Aspergillus infection and pathology. Med Mycol 2009, 47:162-
169.

Raphael I, Nalawade S, Eagar TN, Forsthuber TG: T cell subsets
and their signature cytokines in autoimmune and
inflammatory diseases. Cytokine 2015, 74:5-17.

Zelante T, Luca AD, Angelo CD, Moretti S, Romani L: Th17 in host
defense. Eur J Immunol 2009, 39:645-648.

Mayberry HW, McGuire LP, Willis CKR: Body temperatures of
hibernating little brown bats reveal pronounced behavioural
activity during deep torpor and suggest a fever response
during white-nose syndrome. J Comp Physiol B 2018, 188:333-
343.

Gopal R, Rapaka RR, Kolls JK: Immune reconstitution
inflammatory syndrome associated with pulmonary
pathogens. Eur Respir Rev 2017, 26:1-14.

Shelburne SAIl, Hamill RJ, Rodriguez-Barradas MC,
Greenberg SB, Atmar RL, Musher DM, Gathe JC Jr,
Visnegarwala F, Trautner BW: Immune reconstitution
inflammatory syndrome: emergence of a unique syndrome
during highly active antiretroviral therapy. Medicine 2002,
81:213-227.

Fuller NW, McGuire LP, Pannkuk EL, Blute T, Haase CG,
Mayberry HW, Risch TS, Willis CKR: Disease recovery in bats
affected by white-nose syndrome. J Exp Biol 2020, 223:1-12
http://dx.doi.org/10.1242/jeb.211912

Authors present the progression of immunepathology after hibernation
season in bats infected with P. destructans indicative of a overreactive
Th17-response.

55.

56.

Meierhofer MB, Johnson JS, Field KA, Lumadue SS, Kurta A,
Kath JA, Reeder DM: Bats recovering from white-nose
syndrome elevate metabolic rate during wing healing in
spring. J Wildl Dis 2018, 54:480-490.

Davy CM, Donaldson ME, Bandouchova H, Breit AM, Dorville NAS,
Dzal YA, Kovacova V, Kunkel EL, Martinkova N, Norquay KJO
et al.: Transcriptional host - pathogen responses of
Pseudogymnoascus destructans and three species of bats
with white-nose syndrome. Virulence 2020, 11:781-794

This paper describes resistance (versus tolerance) to P. destructans
infection in the Nearctic bat species, E. fuscus.

57.

Moore MS, Field KA, Behr MJ, Turner GG, Furze ME, Stern DWF,
Allegra PR, Bouboulis SA, Musante CD, Vodzak ME et al.: Energy
conserving thermoregulatory patterns and lower disease

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

severity in a bat resistant to the impacts of white-nose
syndrome. J Comp Physiol B, Biochem Syst Environ Physiol 2018,
188:163-176.

Frank CL, Sitler-Elbel KG, Hudson AJ, Ingala MR: The antifungal
properties of epidermal fatty acid esters: insights from white-
nose syndrome (WNS) in bats. Molecules 2018, 23:1986.

Lemieux-Labonté V, Dorville NAS-Y, Willis CKR, Lapointe F-J:
Antifungal potential of the skin microbiota of hibernating big
brown bats (Eptesicus fuscus) infected with the causal agent
of white-nose syndrome. Front Microbiol 2020, 11:1-13.

Medzhitov R, Schneider DS, Soares MP: Disease tolerance as a
defense strategy. Science 2012, 335:936-941.

McCarville JL, Ayres JS: Disease tolerance: concept and
mechanisms. Curr Opin Immunol 2018, 50:88-93.

lliev ID, Underhill DM: Striking a balance: fungal commensalism
versus pathogenesis. Curr Opin Microbiol 2013, 16:366-373.

Pikula J, Amelon SK, Bandouchova H, Bartoni¢ka T, Berkova H,
Brichta J, Hooper S, Kokurewicz T, Kolarik M, Koliner B et al.:
White-nose syndrome pathology grading in Nearctic and
Palearctic bats. PLoS One 2017, 12:e0180435.

Casadevall A, Pirofski L: Host-pathogen interactions: basic
concepts of microbial commensalism, colonization, infection,
and disease. Infect Immun 2000, 68:6511-6518.

Blomberg AS, Vasko V, Meierhofer MB, Johnson JS, Eeva T,
Lilley TM: Winter activity of boreal bats. Mamm Biol 2021 http://
dx.doi.org/10.1007/s42991-021-00111-8.

Lilley T, Anttila J, Ruokolainen L: Landscape structure and
ecology influence the spread of a bat fungal disease. Funct
Ecol 2018, 32:2483-2496.

Martinkova N, Baird SJE, Kana V, Zima J: Bat population
recoveries give insight into clustering strategies during
hibernation. Front Zool 2020, 17:1-11.

Grisnik M, Bowers O, Moore AJ, Jones BF, Campbell JR,
Walker DM: The cutaneous microbiota of bats has in vitro
antifungal activity against the white nose pathogen. FEMS
Microbiol Ecol 2020, 96:fiz193.

Shiokawa M, Yamasaki S, Saijo S: C-type lectin receptors in
anti-fungal immunity. Curr Opin Microbiol 2017, 40:123-130.

www.sciencedirect.com

Current Opinion in Microbiology 2021, 62:61-67


http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0240
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0240
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0245
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0245
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0245
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0250
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0250
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0255
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0255
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0255
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0255
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0255
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0260
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0260
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0260
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0265
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0265
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0265
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0265
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0265
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0265
http://dx.doi.org/10.1242/jeb.211912
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0275
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0275
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0275
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0275
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0280
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0280
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0280
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0280
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0280
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0285
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0285
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0285
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0285
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0285
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0285
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0290
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0290
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0290
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0295
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0295
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0295
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0295
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0300
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0300
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0305
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0305
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0310
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0310
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0315
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0315
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0315
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0315
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0320
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0320
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0320
http://dx.doi.org/10.1007/s42991-021-00111-8
http://dx.doi.org/10.1007/s42991-021-00111-8
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0330
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0330
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0330
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0335
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0335
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0335
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0340
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0340
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0340
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0340
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0345
http://refhub.elsevier.com/S1369-5274(21)00064-3/sbref0345

	Heterothermy and antifungal responses in bats
	Introduction
	Innate immune system responses to mycosis
	Adaptive immune system responses to mycosis
	The Th1 response
	The Th2 response
	Th17 response: the good, the bad and the ugly
	Resistance, tolerance and coevolution
	Conclusions
	Conflict of interest statement
	References and recommended reading
	CRediT authorship contribution statement
	Acknowledgements


