
Evolution génétique virale

causes et conséquences

UE M1 Microbiologie 23 mars 2023
Dr C.Bressollette-Bodin



UE M1 Microbiologie 2023_ Dr Bressollette-Bodin

Diversité virale

• Diversité au sein d’une espèce de virus  > notion de 
génotypes et sérotypes

Au sein d’une espèce :
 Différences antigéniques  
sérotypes

 Différences de séquences 
génétiques : génotypes

Rétroviridae   famille

Lentivirus primates  genre

HIV-2      HIV-1    SIV    espèces

M   O  N     clades

A,B,C,D….AG,    sous-types
CRFs

Quasi-espèces
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Evolution

• Evolution > succession de hasards /sélection
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Evolution virale

• Nous sommes régulièrement confrontés aux 
conséquences de l’évolution virale
– Nouveaux virus

– Épidémies annuelles (grippe…)
– Résistance aux antiviraux (HIV)

HIV/AIDS

EBOLA 
COVID-19
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Evolution virale

• Une population virale de grande taille
– HIV: ½ vie d’une particule virale = 6h, turnover quotidien = 90%, 

nb total de particules virales > 10e9 dans plasma
• Des mutations fréquentes

– Mutations ponctuelles
– Recombinaisons et réassortiments

• Qui génèrent de la diversité > notion de quasi-espèce
• Un processus de sélection

– Notion de goulot d’étranglement
– Sélection / immunité, environnement
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Mécanismes de variabilité: mutations ponctuelles

• Source de mutations : 
erreurs des 
polymérases

• ++ erreurs 
d’incorporation des 
nucléotides par l’ARN 
polymérase virale > 
pas de correction

• +++ virus à ARN > 
virus ADN
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Le concept de quasi-espèce

Ø Chez un individu infecté par une espèce virale, 
la population de virus n’est pas homogène, elle 
est constituée d’un ensemble de « réplicons », 
dont la distribution est dynamique dans le temps

Quasi-espèce = nuage de mutants , essaim de 
mutants
• L’ensemble des mutants évoluent comme s’ils formaient « 

quasiment une seule et même espèce » (au sens chimique ou 
moléculaire et non biologique) 

≠ séquence consensus obtenue par séquençage

A Qβ phage population is in a dynamic equilibrium with viral mutants arising at a high rate 
on the one hand, and being strongly selected against on the other. The genome of Qβ 
cannot be described as a defined unique structure, but rather as a weighted average of a 
large number of different individual sequences.” 
E. Domingo, D. Sabo, T. Taniguchi, C. Weissmann. 1978. Nucleotide sequence
heterogenity of an RNA phage population. Cell 13:735-744.
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Autres mécanismes d’évolution génétique

Recombinaison Réassortiment
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Sélection

• Au sein d’une quasi-espèce, une/plusieurs mutation(s) 
peuvent être sélectionnées et persister dans le temps 
pour donner naissance à des quasi-espèces qui 
partagent cette/ces mutations leur ayant conféré un 
avantage

• Sélection ne signifie pas forcément plus de pathogénicité 
ou plus de transmissibilité, mais cela favorise la survie du 
virus

• Seuil d’erreur : équilibre entre sélection/survie et taux de 
mutation
– Si taux de mutation dépasse le seuil d’erreur > perte d’infectivité
– Si taux de mutation très inférieur > pas assez de mutation pour 

survivre à la sélection
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Notion de goulot d’étranglement 
(« genetic bottlenecks »)

• Si un seul replicon survit au goulot d’étranglement > 
moins de diversité, fitness et survie diminués
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Notion de goulot d’étranglement 
(« genetic bottlenecks »)
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Sélection

• La sélection favorise le variant adapté à un 
environnement donné

• Facteurs de sélection
– Contraintes structurales de survie : sites actifs des enzymes
– Facteurs liés à l’hôte : 

• Le système immunitaire 
• L’entrée dans la cellule cible : 

– Adaptation sur protéines de surface 
• Sites antigéniques
• Sites de reconnaissance des récepteurs cellulaires 
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Sélection

• Sélection de mutants résistants à l’élimination par les Ac
ou les cellules T cytotoxiques > processus naturel au 
cours de la réplication virale chez un individu
– Drift = dérive > diversité issue des erreurs de réplication, 

sélectionnées par la pression immunitaire
– Shift = cassure > diversité issue des mécanismes de 

recombinaison ou réassortiment
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Dérive antigénique

• Virus Influenza > sites de mutations 
++ sur épitopes immunogènes de l’HA

• SARS CoV-2 > sites de mutations ++ 
sur épitopes immunogènes de la 
protéine Spike

Virology Lectures 2021 • Prof. Vincent Racaniello • Columbia University

SARS-CoV-2 is undergoing antigenic drift

N501Y

E484K

K417N

ACE2
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Exemple du SARS CoV-2
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Diversité du SARS coV-2



Emergence virale
zoonoses, chauve-souris et virus 

Ebola

UE M1 Microbiologie 23 mars 2022
Dr C.Bressollette-Bodin
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• Notion d’émergence. Définition, principes
• Notion de zoonose

– Exemple des Chauve-souris
• Les virus responsables de fièvre hémorragique virale

– Exemple des virus Ebola

18
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Définitions
• Maladie infectieuse émergente = 

– infection nouvellement apparue dans une population, 
– ou infection pré-existante dont l’incidence ou la distribution 

géographique augmentent rapidement

• Zoonose = infection transmise de l’animal à l’Homme
• Maladie à transmission vectorielle = infection 

transmise d’un hôte vertébré à un autre vertébré par 
l’intermédiaire d’un insecte piqueur (moustique, tique…)

19
Morens, Nature 2004
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Origines de l’émergence

• Sources, non exclusives, à la base de l'émergence d'un virus :
– Évolution de novo d'un nouveau virus / nouveau variant viral
– Passage d'un virus existant d’une espèce vers une autre espèce 
– Dissémination large d’un virus à partir d'une petite population / 

d’une zone géographique où il était originellement confiné.

• notion de pool zoonotique et de franchissement de la barrière 
d'espèce, importante en tant que source de maladies émergentes : 
– de nombreux virus sont naturellement présents dans d'autres 

espèces que l'homme. 
– Réservoirs animaux les plus importants: les rongeurs, chauve-

souris
– Multiplication des vecteurs possibles d’infection (moustiques, 

tiques…)

20
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Emergence virale par zoonose 

21

Virus
Réservoir 

animal
Hôte 

intermédiaire
Transmission 
à l’Homme 

Transmission 
interhumaine et 
dissémina8on
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Facteurs favorisants l’émergence

• Facteurs humains
– Exploitation de la nature
– Flux de population humaines
– Santé publique
– Développement des outils de détection

• Autres facteurs
– Intempéries, variations climatiques

• Exploitation de la nature
– déforestation, par augmentation des contacts entre l'homme et les animaux vivant 

en forêt. 
– cultures de terrains où les rongeurs vecteurs sont endémiques.
– mise en eau de barrages (pullulation de moustiques et concentrations humaines et 

animales).
– extension des périmètres irrigués (pullulation de moustiques).
– destruction des prédateurs des vecteurs.

• Intempéries changement climatique

22
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Emergence virale: facteurs favorisants

• Flux de population humaine
– intensification de la circulation humaine

• Vols internationaux, voyages
• hommes porteurs de virus
• ++ certains vecteurs (moustiques) peuvent également être

transportés
– déplacements de populations 

• lors de guerre et autres conflits
• Déplacements liés au changement climatique

– urbanisation

• Hygiène et santé
– Conditions de vie (eau potable, système d’assainissement et de 

traitement des eaux usées…)
– Accès aux soins, à la vaccination…

23
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Emergence virale: facteurs favorisants

•Modification intrinsèque de l’agent infectieux: 
– mutations, 
– Mécanismes de recombinaison
– réassortiment de matériel génétique, 
– transfert de matériel génétique d’une espèce à une autre, 

délétion de gènes… 

24
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Mécanismes d’émergence virale - Zoonose

• Franchissement de la barrière d’espèce (« spillover ») 
Episodes zoonotiques provoquant l’apparition, chez l’homme, 
d’un virus habituellement hébergé par des animaux sauvages ou
domestiques 
– est souvent associée à une pathogénicité différente de celle observée chez 

l’animal
• Interaction directe: morsure, contact avec le sang des animaux (chasse, 

préparation culinaire, consommation)
• Interaction indirecte: végétaux souillés par des liquides biologiques (urines, 

fientes…)
– Adaptation du nouveau pathogène à l’homme

➢Transmission peut se faire soit directement depuis l’espèce
réservoir vers l’homme, soit via des espèces intermédiaires

➢Réservoirs animaux les plus importants: les rongeurs, chauve-
souris…

25
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Les obstacles au passage de barrière d’espèce

• Facteurs cellulaires nécessaires à la multiplication virale 
peuvent être spécifiques d’espèce

Récepteur cellulaire: virus zoonotiques 
utilisent en général des molécules qui 
présentent, au moins partiellement, une 
forte homologie entre différentes 
espèces

Ex:
ACE 2 /SARS coV
NPC1 / Filovirus

underlying the transitory nature of bat antibody 
responses. Countless studies have conducted serolog-
ical surveillance for antibodies to specific viruses in 
wild bats; however, there is relatively little experimental 
data with bats as a model system, particularly spanning 
longer periods of time. The information available from 
field-collected samples is limited by the unknown his-
tory of sampled bats with regard to their reproductive 
status, age, sex, nutritional status and infection status, 
with any number of pathogens potentially influencing 
the immune response.

Viral spillover from bats
The spillover of bat-associated viruses requires a com-
bination of factors, including ecological opportunity for 
contact, virus–host molecular and cellular compatibility, 
and a permissive or circumvented immune response, as 
described in detail herein. Yet, despite the various poten-
tial barriers and the fact that many spillover events may 
go undetected by surveillance systems, there is a growing 
list of recent bat-borne zoonotic spillover events. This list  
includes examples of direct bat-to-human spillover, 
which are supported by both epidemiological evidence 
and molecular detection of monophyletic viruses between 
bat and human populations; the examples include near 
annual outbreaks of Nipah virus in Bangladesh since 
2001 (REF.68), several Marburg virus outbreaks across 
Africa2 and outbreaks of rabies virus and other novel 
Lyssaviruses globally. Other examples of indirect 
bat-to-human spillover that involve intermediate hosts 
are also supported by epidemiological and molecular 

evidence, including Hendra virus in 1994 via horses69 and 
Nipah virus in Malaysia in 1997 and 1998 via pigs70. The 
SARS-CoV 2002–2003 outbreak in southern China and 
the 2019 SARS-CoV-2 emergence in central China were 
retrospectively connected to bat populations via molecu-
lar evidence and appeared to involve intermediate hosts. 
Several viruses closely related to SARS-CoV were found 
in bats, and actual SARS-CoV was directly isolated 
from animals in open-air markets14,63,71. Analogously, 
several bat viruses have now been identified to have a 
high similarity to SARS-CoV-2 (REF.72). In several other 
cases, bat-to-human spillover was assessed retrospec-
tively via serological human cohort studies; for example, 
Henipavirus spillover among bat hunters in Cameroon73, 
bat-borne reovirus (Melaka virus and Pulau virus) expo-
sure in people living in close proximity to bat roosts 
on Tioman Island, Malaysia74, as well as in a random 
sample screened in Singapore75, Filovirus exposure of 
bat hunters in India76 and ongoing human exposure to 
SARSr-CoVs in rural communities in China occurring 
after the 2003 SARS outbreak77.

Molecular biology of transmission
All viruses, regardless of classification or origins, must be 
able to subvert and overcome various molecular factors 
within their hosts in order to replicate and spill over into 
new species. Every stage of the viral life cycle relies on 
numerous protein interactions with the host cell, includ-
ing viral binding and entry, recruitment of host factors 
essential for viral replication, suppression of antiviral 
host factors, assembly and egress from the cell, and eva-
sion of the host immune system78 (FIG. 2). Viral–host pro-
tein interfaces have been shown, through functional and 
structural studies, to be remarkably specific and involve 
multiple points of contact79. Even single amino acid 
variations can impact or abrogate a viral–host protein 
interaction between different species and form a molec-
ular block, or species barrier, to viral replication80–85. The 
complexity of viral–host protein interactions is com-
pounded by how many interactions occur during any 
given infection. Recent proteomics studies have iden-
tified at least 194 protein interactions between Ebola 
virus and human host cells86, 198 virus–host protein 
interactions for Zika virus87, 101 for Nipah virus88 and 
over 300 for influenza A virus89. Given that even small 
perturbations in these complex networks of virus–host 
interactions can make the difference between a dead-end 
infection or viral emergence in a new host species, it is 
likely that the majority of bat-borne viruses fail to infect 
novel species as a result of within-host barriers90,91.

Cell entry of zoonotic viruses. One of the first major 
virus–host protein interactions that occurs during the 
course of infection is at the level of viral cell entry, when 
the virus interacts with the host receptor to facilitate the  
release of viral components into the cytoplasm. 
Depending on the virus, this process can involve one or 
more viral proteins, one or more host components and 
encompass several steps occurring at the cell surface or 
at an internalized membrane.

It is not surprising that many bat-borne zoonotic 
viruses have evolved to use highly conserved host 

Monophyletic
Multiple organisms all derived 
from a single common ancestor.

Attachment • Host receptor
• Binding factors

• Host receptor
• Proteases

• Polymerases
• miRNAs
• Nuclear machinery

Entry

Endosome

Virus

Cytoplasm

Uncoating

Recruit host 
factors that help

Block host factors
that interfere

• Innate immune
   system
• Restriction
   factors

• Antibodies
• T cells

Nucleus

Replication

Golgi
and ER

Assembly 
and egress

Adaptive 
immune evasion

• Transport machinery
• Tetherin (BST-2)

Viral
genome

Fig. 2 | Overview of molecular host species barriers. Viruses rely on numerous 
interactions with the host cell machinery in order to replicate and transmit. Virus–host 
interactions occur at every stage of the viral life cycle, including attachment, uncoating, 
genomic replication and protein expression, viral assembly and egress. While many 
factors involved are still unknown, some well-described examples are indicated. 
ER, endoplasmic reticulum; miRNA, microRNA.
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Le cas des chauves-souris

• Mammifères nocturnes volants de l’ordre des chiroptères
• Plus de 1200 espèces et 200 genres 
• 2nd groupe de mammifères le plus important après les rongeurs (22%)
• Colonisation sur tous les continents sauf les latitudes extrêmes
• Se nourrissent d’insectes (microchiroptères) et fruits, pollen, sang 

(macrochiroptères)

27
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Caractéristiques physiologiques des chauve-
souris

364 | Nature | Vol 589 | 21 January 2021

Perspective

Despite the advantages and efficiency of aerial transport, flight is 
a metabolically costly mode of locomotion20: the metabolic rates of 
bats in flight can reach up to 2.5–3× those of similar-sized exercising 
terrestrial mammals21. This enormous energy demand results in the 
depletion of up to 50% of their stored energy in a day—nectarivorous 
bats catabolize their high-energy diet of simple sugars as rapidly as 
8 min after consumption, and flying bats consume about 1,200 calories 
of energy per hour22–24. Bats possess several metabolic adaptations and 
optimized airflow patterns to circumvent high-energy expenditures 
that could otherwise lead to starvation and death25. A key adaptation 
is the marked alteration of heart rate, which increases by 4–5× during 
flight to a maximum of 1,066 beats per minute24. To compensate for 
high levels of cardiac stress, cyclic bradycardia is induced for 5–7 min 
several times per hour during rest, which may conserve up to 10% of 
available energy. Despite their high metabolic rates and small statures, 
bats live substantially longer than non-flying mammals of similar body 
mass26,27. When adjusted for body size, only 19 species of mammals are 
longer-lived than humans: 18 of these species are bats (the other is the 
naked mole-rat)28. On average, the maximum recorded lifespan of bats 
is 3.5× that of a non-flying placental mammal of a similar size29. As a 
mammalian model of antiageing, bats may offer vital clues in human 
attempts to delay mortality and enhance longevity.

Status of bats as a unique viral reservoir
Bats have been associated with infectious diseases for centuries. Their 
role in the transmission of rabies virus led Metchnikov to investigate 
fruit bat macrophages and their immune responses in 190930. More 
recently, several new or re-emerging viral outbreaks associated with 
spillover from bat reservoirs have been documented, and a number of 
reports have highlighted the risk of future spillover events into human 
populations. Enveloped, positive-sense single-stranded RNA corona-
viruses are widespread in animals (54% of those known are associated 
with bats), and cause mild-to-severe respiratory or enteric disease in 

humans31. The association between coronaviruses and bats began to  
be recognized with the discovery of SARS-related coronaviruses in 
bats32–35. Since then, bats have been identified as the richest source 
of genetically diverse coronaviruses36, including the MERS-CoV-like 
viruses37 and a range of bat coronaviruses38–40. Several genome 
sequences of bat coronaviruses have recently been reported that show 
a high genetic similarity to SARS-CoV-23,41. The increasing number of 
spillover events of bat viruses—and of coronaviruses in particular—is 
believed to stem from the disruption of the natural ecosystems that 
host bats through climate change, increased urbanization pressure 
from humans, wildlife trade and animal markets34,42,43 (Fig. 1). Some 
large global initiatives have been funded to examine the risk factors for 
potential spillover events, but the funding of this area of research has 
been reduced in recent years44,45. Although an event such as COVID-19 
has increasingly been anticipated, few scientists would have expected 
the magnitude and speed of spread of this current pandemic.

It should also be emphasized that bat-borne viruses cause devastat-
ing outbreaks not only in humans, but also in animals such as pigs and 
horses46–49. During a large-scale outbreak (as with the current COVID-19 
pandemic), there is a risk of spillback or ‘reverse’ zoonotic (anthropozo-
onotic) transmission from human to animals, as has been demonstrated 
by COVID-19 outbreaks in minks on two farms in the Netherlands, fol-
lowed by animal-to-human transmission of the SARS-CoV-2 virus50. 
Anthropozoonotic infections of SARS-CoV-2 have also been observed 
from pet owners to domestic cats and dogs51,52, and to tigers and lions 
housed in zoos53. There is a predicted risk of the spread of SARS-CoV-2 
to other free-ranging mammalian wildlife, including the great apes54 
and bats in different geographical locations55, and this perceived threat 
has affected the wildlife tourism industry in many countries. Although 
intermediate hosts such as civets and pangolins have been implicated 
in SARS-CoV and SARS-CoV-2 outbreaks (respectively), these animals 
exhibited pulmonary oedema and inflammation in response to infec-
tion with SARS-CoV-2-related coronaviruses56–58, which suggests that 
they are not true reservoirs for these coronaviruses. By contrast, bats 

Table 1 | Natural history and physiological traits of bats

Bat traits
Natural history Evolutionary age 64 million years149

Number of species 1,42211

Geographical distribution Every continent except the polar regions and several oceanic islands12

Roosting habitats Foliage, hollowed trees, rock crevices, caves and human structures15

Ecological roles Pollination, seed dispersal and insect control15

Largest known colony size 20 million bats (Mexican free-tailed bat (Tadarida brasiliensis), Bracken Cave (Texas))150

Diet Fruit, nectar, pollen, insects, rodents, amphibians, fish and blood13

Reproductive patterns Bimodal, seasonal or aseasonal breeding151

Thermoregulation Homeothermy, heterothermy, torpor and hibernation16,152

Mode of orientation to space Visual, echolocation and magnetoreception17–19

Lifespan record ≥41 years (a Brandt’s bat (Myotis brandtii), from Siberia)29

Body size (wingspan) 29 mm to 1.7 m153

Weight range 2 g to 1.6 kg153

Hibernating body temperature ≤5.8 °C154

Hibernating heart rate 10–16 beats per minute16,155

Flight and migration Migratory distances Up to 2,000 km156

In-flight body temperature ≥41 °C157

In-flight heart rate ≤1,066 beats per minute24

Energetic demands Up to 1,200 calories per hour22

Physiological adaptations Comparative metabolic rates 2.5–3× higher than similar-sized exercising mammals21

In-flight increase in metabolic rate Up to 34× basal metabolic rate21

Oxidative phosphorylation Positive selection in 23.08% mitochondrial, 4.90% nuclear-encoded OXPHOS genes83,111
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Le cas des chauves-souris

• Réservoirs pour de nombreux virus à 
ARN
– Coronaviridae
– Paramyxoviridae (Hendra, 

Nipah)
– Filoviridae (Marburg, Ebola)
– Astrovirus

into viral persistence within hosts34. Ideally, genetic data 
from viruses infecting individually marked bats over 
time could be used to determine if viruses persist within 
individuals34, but recapturing most bats is extremely 
difficult, and few studies collect data longitudinally29. 
Recently, researchers have been able to make inferences 
about viral circulation in bats by fitting mathematical 
models of disease dynamics to longitudinal serolog-
ical data. A study using such methods39 determined 
that persistence or reinfection of a circulating heni-
pavirus was likely in Eidolon helvum bats. Research 
combining longitudinal sampling of bats with viral 
genomics, antibody surveys and mathematical models 
will be required to infer zoonotic pathogen circulation 
in bats34.

Intrinsic bat resistance. Bats are seemingly refrac-
tory to viral pathogenesis, and their metabolism has 
been at the centre of the long-standing ‘flight as fever’ 
hypothesis underlying this phenomenon40,41. Several 
groups have speculated that the high-energy metabolic 
demands of flight lead to elevated body temperatures in 
bats, mimicking the fever that occurs in other animals 
during immune activation, which may broadly impact 
viral pathogenesis. However, experimental studies have 
shown that filoviruses replicate similarly in bat cells 
regardless of ambient temperatures37,42. Beyond body 
temperature, knowledge gaps on bat reservoir species 
and their flight behaviour, immunity and metabolism 
obscure how bat metabolism relates to immunity.

Innate bat immunity. Although viruses such as Nipah 
virus and Marburg virus have been experimentally 
shown to replicate in and shed from their bat host spe-
cies, a striking feature of these infections is that the bats 

lack overt signs of pathology36,43–45. The observation  
that bats may be refractory to, or tolerant of, viral infec-
tion was noted as early at 1936 (REF.46), yet the immuno-
logical mechanisms that underpin this phenotype 
have only begun to be elucidated in the past few years. 
Current data suggest that the classical pathology caused 
by strong activation of the immune system in response 
to viral infection that is seen in humans and laboratory 
animal models does not occur in bats37,47. The lack of 
pathology observed in bats is likely due to a combi-
nation of differences in viral tissue tropism and host 
immune responses48. Viral replication and shedding in 
bats in combination with an apparent lack of disease may 
allow for the efficient maintenance and dissemination 
of viruses.

Interferon-ɑ (IFNα), IFNβ and IFNɣ pathways vary in  
their level of activation between bat and human cells  
in response to viral infection49–52. Some of these stud-
ies have shown dampened immune responses in bats, 
whereas others have shown heightened responses to 
infection. The consequences of these differences for over-
all pathology in bats are still to be determined. A notable 
finding common to all of these studies is that, regardless 
of the host species, all of the bat cell lines tested support 
filovirus infection, suggesting that the innate immune 
pathways assessed in these cell culture assays do not form 
barriers to infection.

Broader characterizations of bat innate immu-
nity have provided some insights into the differences 
between bat and human immune responses. For exam-
ple, Pteropus spp. bats have a substantially smaller 
type I interferon genomic locus than other mammals, 
yet they have constitutive basal expression of their 
IFNɑ genes, regardless of stimulation53. How a smaller 
type I interferon locus might influence viral disease is 

Coronaviridae (3,796)

Rhabdoviridae (2,890)

Paramyxoviridae (1,025)

Astroviridae (724)

Adenoviridae (365)

Polyomaviridae (302)

Reoviridae (288)

Circoviridae (250)
Herpesviridae (233)

Flaviviridae (218)
Picornaviridae (181)

Parvoviridae (165)
Filoviridae (123) Hepadnaviridae (78)

Papillomaviridae (59)
Hantaviridae (59)

Virus families with fewer 
than 50 different sequences

Caliciviridae (43)
Peribunyaviridae (31)
Nairoviridae (22)
Unclassified viruses (22)
Retroviridae (18)
Hepeviridae (14)
Orthomyxoviridae (8)
Phenuiviridae (8)
Poxviridae (6)
Picobirnaviridae (4)
Togaviridae (3)
Genomoviridae (2)
Bornaviridae (2)
Anelloviridae (1)
Unclassified ssDNA viruses (1)
Unclassified Bunyavirales (1)

Fig. 1 | Currently described bat virus diversity. Publicly available genetic sequence data for bat-derived viruses 
(database of bat-associated viruses) were pooled and categorized by viral family. Of note, large parts of the bat virus 
diversity remain uncharacterized, and discovery efforts have prioritized virus families with known zoonotic potential 
such as the Coronaviridae. ssDNA, single-stranded DNA.

Type I interferon
A large group of related 
cytokines that bind to widely 
expressed interferon-α 
receptors and are responsible 
for regulating the immune 
response to infection.
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histoire naturelle des infections virales chez les chauves-souris mal 
connue (difficultés ++ des modèles expérimentaux, suivi des animaux à 
l’état sauvage très compliqué)
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Les chauve-souris, réservoir de virus

• Dynamique du réservoir viral chez les chauve-souris: 
Infections persistantes avec réactivations / infections 
récurrentes?

• Résistance des chauve-souris aux infections virales?
– Réplication virale possible : Modèle Nipah virus ou Marburg: 

multiplication dans l’animal mais pas de maladie
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Le cas des chauve-souris
• Tolérance aux infections virales: évite les aspects immunopathologiques liés à une 

activation excessive de la réponse inflammatoire dans certaines infections virales 
aigues (SARS CoV-2, Marburg, Ebola…)

Hypothèse: lien entre 
métabolisme nécessaire à 
l’action de voler et l’immunité

Modulation de la réponse IFN 
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also previously been reviewed98,99. Just as IFN signalling varies across 
mammals100, there is likewise variation in the IFN response across bat 
species. For instance, P. alecto shows a contraction of an IFN locus89, 
whereas the Egyptian fruit bat (Rousettus aegyptiacus) exhibits no 
constitutive IFN but has one markedly expanded IFN locus—especially 
for IFNω73. Several species suggest a restricted induction profile of IFNα 
and IFNβ compared to human or mouse84,92,93. Dysregulation of the IFN 
response has previously been implicated in autoimmune diseases101 
and the pathogenesis of several bat-borne viruses, including Ebola 
virus76, SARS-CoV75–77 and SARS-CoV-2102,103. Together, these bat-specific 
changes in baseline expression, kinetics, induction or functions of 
antiviral genes in IFN signalling could help bats to efficiently control 
the numerous viruses that they host.

In addition to the innate immune responses, recent studies have shed 
light on other mechanisms of bat host defence. Enhanced autophagy 
has a key role in the increased clearance of lyssavirus from bat cells104, 
and is known to regulate immunity and mediate pathogen clearance105. 
Bats express very high levels of heat-shock proteins, which confers upon 
bat cells the ability to survive at high temperature and high oxidative 
stress in vitro. Heat-shock proteins contribute to the rapid acceleration 
of viral evolution by chaperoning viral proteins and tolerating some 
viral mutations106. They also act as a viral receptor107, regulate inflam-
mation108, block apoptosis109 and affect ageing110.

Common to all bats yet examined, mitochondrial and nuclear oxida-
tive phosphorylation genes show evidence of specific adaptive evolu-
tionary changes that support the large metabolic demands associated 
with flight99,111. Bats also have a concentration of positively selected 
genes in the DNA-damage checkpoint pathways that are important 
for cell death, cancer and ageing, in addition to the innate immune 
pathways83. A recent study has demonstrated that efficient drug efflux 
through the ABCB1 transporter in bats blocked DNA damage induced 
by the chemotherapeutic drugs doxorubicin and etoposide, conferring 
resistance to genotoxic compounds, regulating cellular homeostasis 
and possibly lowering the incidence of cancer112. Bats have a reduced 
production of reactive oxygen species compared to similar-sized 
non-flying mammals, but retain intact activity of the important antioxi-
dant superoxide dismutase113,114. These findings suggest either a more 
effective scavenging of reactive oxygen species or a lower production 
of reactive oxygen species by bat mitochondria: a recent study has 
confirmed decreased generation of reactive oxygen species in bats, 
without the age-dependent decline of antireactive oxygen species 
defence seen in mice115.

Mechanisms of immune tolerance
Both naturally infected and experimentally infected bats indicate tol-
erance of viral infection, even during a transient phase of high viral 
titres79–82. For instance, the infection of bats with high doses of Ebola 
virus79 and MERS-CoV81 caused minimal or no clinical disease, although 

titres can reach as high as 107 fluorescent focus-forming units per millili-
tre of sera for Ebola virus and 107 median tissue-culture infectious dose 
(50% reduction) equivalents per gram of lung tissues for MERS-CoV. 
This supports an immunological tolerance to RNA viruses in bats, par-
ticularly during the acute response. These observations have triggered 
increasing efforts to study how bats limit excessive or aberrant innate 
immunue responses. From the initial characterization of two divergent 
bat genomes83 and through more recent genome additions73,116,117, a 
consistent trend for the evolution of immune-related genes—including 
those encoding the pattern recognition receptors—has been revealed. 
Pattern recognition receptors sense endogenous molecules from dam-
aged cells and structurally conserved microbial structures, known as 
damage and pathogen-associated molecular patterns, respectively118. 
The recognition of viral invasion by these pattern recognition recep-
tors and their downstream signalling are key first-line defences119. The 
first mechanistic study of immune tolerance in bats showed that the 
STING-dependent type I IFN response was dampened in several bat spe-
cies, and that this results from a point mutation of a highly conserved 
residue of STING87. STING is an important pattern recognition receptor 
that mediates cytosolic-DNA-induced signalling and has a key role in 
infection, inflammation and cancer120. This mutation might be driven 
evolutionarily to tolerate the overactivation of STING by host DNA 
damage that is induced by flight. However, the effect of dampened 
STING on responses to infection with bat-borne RNA viruses—which 
might activate STING by inducing host DNA damage121—is yet to be 
understood.

A more recent study has revealed a key mechanism by which bats 
naturally dampen host inflammation in response to ‘sterile’ dan-
ger signals and infections with three types of RNA virus (including 
MERS-CoV)72. NLR-family pyrin domain containing 3 (NLRP3), a key 
inflammasome sensor that recognizes various cellular stresses and 
pathogen invasions, is dampened at both the transcription and protein 
level in bats. Importantly, reduced NLRP3-mediated inflammatory 
responses to RNA viruses have no, or minimal, effect on viral loads. 
This supports an enhanced innate immune tolerance in bats, which 
is consistent with their unique status as an asymptomatic viral res-
ervoir. As NLRP3 is increasingly recognized as sensing a broad range 
of emerging viruses122 (including MERS-CoV72 and SARS-CoV123,124), 
this mechanism may have a wide application in the great variety of 
bat-borne viruses (including SARS-CoV-2)125,126. In addition to NLRP3, an 
earlier study reported the unique loss of the entire PYHIN gene family 
at the genomic level in bats127. The members of the PYHIN gene family 
(also known as AIM2-like receptors) including AIM2 and IFI16 are recog-
nized as the only inflammasome sensors for intracellular DNA, of both 
self and microbial origins128. Both NLRP3 and AIM2 converge on their 
downstream effector caspase-1, which is responsible for cleavage of the 
inflammatory cytokines IL-1β and IL-18, and simultaneously unleashes 
inflammatory cell death (pyroptosis) through GSDMD129,130. Recent data 
reveal additional mechanisms of dampening at the level of downstream 
caspase-1 and IL-1β131, demonstrating a unique targeting of the inflam-
masome pathway for inhibition in bats. The high metabolic demands of 
flight could—in theory—lead to the release of metabolic by-products, 
including reactive oxygen species, ATP, damaged DNA and other danger 
signals that are known to trigger inflammasome activation. There-
fore, adaptions to flight could have driven the different mechanisms 
of dampening in bats, which in turn limits excessive virus-induced or 
age-related inflammation: this could subsequently contribute to the 
tolerance of viral infection and increased lifespan of bats.

Other studies have provided more insight into the immune tolerance 
of bats, although these lack functional validation or examination across 
several bat species. Treatment with polyinosinic:polycytidylic acid—a 
double-stranded RNA ligand—in cells of the big brown bat (Eptesicus 
fuscus) did not elicit a robust TNF induction, owing to a c-Rel motif in 
the promoter region132. However, this might be a species-specific and/
or ligand-specific observation, as this motif is not detected in the TNF 
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Fig. 2 | The unique balance between host defence and immune tolerance in 
bats. Bats show an excellent balance between enhanced host defence 
responses and immune tolerance through several mechanisms. Examples of 
enhanced host defences include constitutive expression of IFNs and 
interferon-stimulated genes (ISGs), increased expression of heat-shock 
proteins (HSPs), a higher base level expression of the efflux pump ABCB1 and 
enhanced autophagy. On the other hand, dampened STING and suppressed 
inflammasome pathways—such as dampened NLRP3, loss of PYHIN and 
downstream IL-1β—contribute to immune tolerance in bats.
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Le cas des chauve-souris

• Résistance intrinsèque aux infections
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also previously been reviewed98,99. Just as IFN signalling varies across 
mammals100, there is likewise variation in the IFN response across bat 
species. For instance, P. alecto shows a contraction of an IFN locus89, 
whereas the Egyptian fruit bat (Rousettus aegyptiacus) exhibits no 
constitutive IFN but has one markedly expanded IFN locus—especially 
for IFNω73. Several species suggest a restricted induction profile of IFNα 
and IFNβ compared to human or mouse84,92,93. Dysregulation of the IFN 
response has previously been implicated in autoimmune diseases101 
and the pathogenesis of several bat-borne viruses, including Ebola 
virus76, SARS-CoV75–77 and SARS-CoV-2102,103. Together, these bat-specific 
changes in baseline expression, kinetics, induction or functions of 
antiviral genes in IFN signalling could help bats to efficiently control 
the numerous viruses that they host.

In addition to the innate immune responses, recent studies have shed 
light on other mechanisms of bat host defence. Enhanced autophagy 
has a key role in the increased clearance of lyssavirus from bat cells104, 
and is known to regulate immunity and mediate pathogen clearance105. 
Bats express very high levels of heat-shock proteins, which confers upon 
bat cells the ability to survive at high temperature and high oxidative 
stress in vitro. Heat-shock proteins contribute to the rapid acceleration 
of viral evolution by chaperoning viral proteins and tolerating some 
viral mutations106. They also act as a viral receptor107, regulate inflam-
mation108, block apoptosis109 and affect ageing110.

Common to all bats yet examined, mitochondrial and nuclear oxida-
tive phosphorylation genes show evidence of specific adaptive evolu-
tionary changes that support the large metabolic demands associated 
with flight99,111. Bats also have a concentration of positively selected 
genes in the DNA-damage checkpoint pathways that are important 
for cell death, cancer and ageing, in addition to the innate immune 
pathways83. A recent study has demonstrated that efficient drug efflux 
through the ABCB1 transporter in bats blocked DNA damage induced 
by the chemotherapeutic drugs doxorubicin and etoposide, conferring 
resistance to genotoxic compounds, regulating cellular homeostasis 
and possibly lowering the incidence of cancer112. Bats have a reduced 
production of reactive oxygen species compared to similar-sized 
non-flying mammals, but retain intact activity of the important antioxi-
dant superoxide dismutase113,114. These findings suggest either a more 
effective scavenging of reactive oxygen species or a lower production 
of reactive oxygen species by bat mitochondria: a recent study has 
confirmed decreased generation of reactive oxygen species in bats, 
without the age-dependent decline of antireactive oxygen species 
defence seen in mice115.

Mechanisms of immune tolerance
Both naturally infected and experimentally infected bats indicate tol-
erance of viral infection, even during a transient phase of high viral 
titres79–82. For instance, the infection of bats with high doses of Ebola 
virus79 and MERS-CoV81 caused minimal or no clinical disease, although 

titres can reach as high as 107 fluorescent focus-forming units per millili-
tre of sera for Ebola virus and 107 median tissue-culture infectious dose 
(50% reduction) equivalents per gram of lung tissues for MERS-CoV. 
This supports an immunological tolerance to RNA viruses in bats, par-
ticularly during the acute response. These observations have triggered 
increasing efforts to study how bats limit excessive or aberrant innate 
immunue responses. From the initial characterization of two divergent 
bat genomes83 and through more recent genome additions73,116,117, a 
consistent trend for the evolution of immune-related genes—including 
those encoding the pattern recognition receptors—has been revealed. 
Pattern recognition receptors sense endogenous molecules from dam-
aged cells and structurally conserved microbial structures, known as 
damage and pathogen-associated molecular patterns, respectively118. 
The recognition of viral invasion by these pattern recognition recep-
tors and their downstream signalling are key first-line defences119. The 
first mechanistic study of immune tolerance in bats showed that the 
STING-dependent type I IFN response was dampened in several bat spe-
cies, and that this results from a point mutation of a highly conserved 
residue of STING87. STING is an important pattern recognition receptor 
that mediates cytosolic-DNA-induced signalling and has a key role in 
infection, inflammation and cancer120. This mutation might be driven 
evolutionarily to tolerate the overactivation of STING by host DNA 
damage that is induced by flight. However, the effect of dampened 
STING on responses to infection with bat-borne RNA viruses—which 
might activate STING by inducing host DNA damage121—is yet to be 
understood.

A more recent study has revealed a key mechanism by which bats 
naturally dampen host inflammation in response to ‘sterile’ dan-
ger signals and infections with three types of RNA virus (including 
MERS-CoV)72. NLR-family pyrin domain containing 3 (NLRP3), a key 
inflammasome sensor that recognizes various cellular stresses and 
pathogen invasions, is dampened at both the transcription and protein 
level in bats. Importantly, reduced NLRP3-mediated inflammatory 
responses to RNA viruses have no, or minimal, effect on viral loads. 
This supports an enhanced innate immune tolerance in bats, which 
is consistent with their unique status as an asymptomatic viral res-
ervoir. As NLRP3 is increasingly recognized as sensing a broad range 
of emerging viruses122 (including MERS-CoV72 and SARS-CoV123,124), 
this mechanism may have a wide application in the great variety of 
bat-borne viruses (including SARS-CoV-2)125,126. In addition to NLRP3, an 
earlier study reported the unique loss of the entire PYHIN gene family 
at the genomic level in bats127. The members of the PYHIN gene family 
(also known as AIM2-like receptors) including AIM2 and IFI16 are recog-
nized as the only inflammasome sensors for intracellular DNA, of both 
self and microbial origins128. Both NLRP3 and AIM2 converge on their 
downstream effector caspase-1, which is responsible for cleavage of the 
inflammatory cytokines IL-1β and IL-18, and simultaneously unleashes 
inflammatory cell death (pyroptosis) through GSDMD129,130. Recent data 
reveal additional mechanisms of dampening at the level of downstream 
caspase-1 and IL-1β131, demonstrating a unique targeting of the inflam-
masome pathway for inhibition in bats. The high metabolic demands of 
flight could—in theory—lead to the release of metabolic by-products, 
including reactive oxygen species, ATP, damaged DNA and other danger 
signals that are known to trigger inflammasome activation. There-
fore, adaptions to flight could have driven the different mechanisms 
of dampening in bats, which in turn limits excessive virus-induced or 
age-related inflammation: this could subsequently contribute to the 
tolerance of viral infection and increased lifespan of bats.

Other studies have provided more insight into the immune tolerance 
of bats, although these lack functional validation or examination across 
several bat species. Treatment with polyinosinic:polycytidylic acid—a 
double-stranded RNA ligand—in cells of the big brown bat (Eptesicus 
fuscus) did not elicit a robust TNF induction, owing to a c-Rel motif in 
the promoter region132. However, this might be a species-specific and/
or ligand-specific observation, as this motif is not detected in the TNF 
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Fig. 2 | The unique balance between host defence and immune tolerance in 
bats. Bats show an excellent balance between enhanced host defence 
responses and immune tolerance through several mechanisms. Examples of 
enhanced host defences include constitutive expression of IFNs and 
interferon-stimulated genes (ISGs), increased expression of heat-shock 
proteins (HSPs), a higher base level expression of the efflux pump ABCB1 and 
enhanced autophagy. On the other hand, dampened STING and suppressed 
inflammasome pathways—such as dampened NLRP3, loss of PYHIN and 
downstream IL-1β—contribute to immune tolerance in bats.
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à Conséquences de la déforestaAon
- AugmentaAon des surfaces agricoles
- Commerce du bois 
- Expansion des zones urbaines (démographie    ) 

Installation des 
chauves-souris 
dans des zones 
plus proches de 

l’homme

Des chauve-souris et des hommes
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Les chauves-souris et les coronavirus 

• Les Coronavirus = représentent 
environ 1/3 du virome des chauves 
souris 
≈ 30 coronavirus identifiés chez la chauve-

souris depuis 15 ans
Les coronavirus infectent plus de 500 

espèces de Chiroptères

• La plupart des Coronavirus humains 
ont pour origine la chauve-souris

• Recombinaison possible de 
plusieurs coronavirus au sein d’un 
même animal (plusieurs espèces 
occupent les mêmes grottes)
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lack clinical signs of disease when infected with the majority of viruses, 
although there are some rare exceptions. High-titre infection with 
Tacaribe virus59 or infection with species-divergent strains of lyssavi-
rus60 can cause severe symptoms and death. The filovirus Lloviu virus 
is associated with the death of bats in Spain61 and the fungal white-nose 
syndrome kills bats by affecting energy needs as bats awake from hiber-
nation or torpor62.

The unique status of bats as a viral reservoir is further confirmed 
by the fact that bats host more zoonotic pathogens than any other 
known mammalian species63–65. Previous reviews have discussed the 
biological traits of these flying mammals and how these traits may 
empower bats to act as exceptional reservoirs4,6,66–68. Some putative 
explanations for reservoir potential propose that immune variation 
during hibernation69 or the higher temperatures that bats experi-
ence during flight (in the ‘fever’ hypothesis70) decrease viral loads and 
therefore maintain their status as a viral reservoir. However, studies on 
bat cells grown at high temperatures do not show a decrease in viral 
titres compared to cells grown at 37 °C71. In addition, these hypotheses 
have lost traction recently as more studies indicate a tolerance of virus 
infection rather than an active reduction of viral load. Recent work 
on bat metabolism, mitochondrial dynamics, innate and adaptive 
immunity and links between metabolic and immune systems have 
provided insights into the potential dynamic responses in bats. What 
makes bats special might not be their antiviral ability, but rather their 
antidisease features72–74. Here we hypothesize that the unique balance 
between host defence and immune tolerance in bats may be responsi-
ble for the special relationship between bats and viruses (particularly 
coronaviruses).

A balanced host defence–tolerance system
Homeostasis is the ultimate state of health for any living system, from 
cells to human bodies, and obtaining homeostasis requires the constant 
adjustment of biochemical and physiological pathways. For exam-
ple, the maintenance of a constant blood pressure results from fine 

adjustments to and balancing of many coordinated functions that 
include hormonal, neuromuscular and cardiovascular systems. This 
is also true of an effective host defence system. Although an appro-
priate level of defence is required to combat pathogens and diseases, 
excessive or dysregulated responses lead to cellular damage and tissue 
pathology. Many emerging bat-borne viruses—including SARS-CoV and 
Ebola virus—are highly pathogenic in humans, which correlates with 
an aberrant innate immune activation with prolonged and/or stronger 
immune responses75–78. By contrast, infected bats show no or minimal 
signs of disease even when high viral titres are detected in tissues or 
sera, which suggests that they are tolerant of viral diseases79–82. Recent 
studies have provided insights into the mechanisms used by bats to 
fine-tune a balance between protective versus pathological responses, 
which may contribute to their extraordinarily long lifespans and low 
incidence of cancer (Fig. 2).

Enhanced host defence responses
The unique status of bats as a viral reservoir has triggered increasing 
interest and efforts to characterize the immune system of bats. Earlier 
efforts focused on genomic73,83 and transcriptomic analysis84–86, and 
particularly on interferon and antiviral activities87–90. Humans express 
minimal baseline levels of type I interferons (IFNs), and they are highly 
inducible upon stimulation91. By comparison, the black flying fox (Ptero-
pus alecto) constitutively expresses some baseline IFNα, and many 
species of bats express several IFN-stimulated genes before stimula-
tion84,89,92,93. This may be regulated by IFN regulatory factors (IRFs), as 
differential expression patterns of IRF794 and enhanced IRF3-mediated 
antiviral responses95 are observed in bats. The restricted induction of 
type I IFNs would minimize production of inflammatory cytokines93. The 
kinetics of the IFN response in bats also differs from those of other mam-
mals, with a faster decline phase for some bat interferon-stimulated 
genes88. In addition, several antiviral genes—such as RNASEL88,90—are 
IFN-induced in bats but not in other mammals84,93 or have undergone 
selection pressure to potentially alter function, such as those encoding 
Mx proteins96 and APOBEC397. Antiviral immune activation in bats has 
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Fig. 1 | The potential zoonotic transmission cycle for coronaviruses. 
Coronaviruses may transmit naturally (black arrows) among humans, bats and 
other wildlife (such as racoon dogs, hedgehogs, pangolins, palm civets, camels 
(as is known for MERS-CoV) and mink)158. Human interventions may amplify the 
spread (red arrow). Transmission cycles may be amplified in urban areas that 
are normally at a minimal risk of exposure, increasing transmission to humans 
and accelerating an outbreak scenario. (1) Natural zoonotic infection cycles 
from domestic animals or wildlife (including bats) to humans and vice versa; 
human populations at risk include bat guano farmers, or individuals living and 
working in areas that overlap with bat habitats. (2) Natural enzootic cycle 

between different species of wildlife (including bats), and domestic animals 
and wildlife. (3) Amplification and spread between overlapping bat 
populations—as, for example, seen among species in the Rhinolophidae and 
Hipposideridae for SARS-related coronaviruses159. (4) Amplified zoonotic 
infections and spread to urban areas via human interventions, including 
wildlife trade and increased urbanization. (5) Anthropozoonotic infections 
from humans back to domestic animals or wildlife (for example, as in mink 
farming50). (6) Human migration patterns facilitate spread to urban areas (for 
example, during holiday seasons160). (7) Amplified viral spread among humans 
or animals and humans in dense urban settings.

Des chauve-souris et des hommes
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Fièvres Hémorragiques Virales (FHV)

• groupe de maladies causées par différentes familles 
virales (4 à ce jour) 

• Atteintes multi-organiques, concernant essentiellement le 
système vasculaire, la présence de saignements est 
inconstante et généralement non létale 

• Virus ayant en commun:
– Génome à ARN négatif et présence d’une enveloppe (peu 

résistants dans le milieu extérieur)
– Existence d’un réservoir naturel non humain, l’homme est un hôte 

accidentel
– Restriction géographique en fonction du type de réservoir
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Les virus des fièvres hémorragiques 
virales

NON ARBOVIRUS 
           BUNYAVIRIDAE Hantavirus F. H. avec syndrome rénal 

 FILOVIRIDAE 
Filovirus F. d�Ebola 

F. à virus de Marburg 

 ARENAVIRIDAE Arénavirus 
F. de Lassa 
F. H. à virus de Junin 
F. H. à virus de Machupo 
F. de Guanarito et Sabia 

 BUNYAVIRIDAE Phlebovirus 
Nairovirus 

F. Vallée du Rift 
F. H. Crimée-Congo 

Famille Genre Maladie 

ARBOVIRUS 
 FLAVIVIRIDAE Flavivirus 

Fièvre jaune 
Dengue hémorragique 
Mal. de la forêt de Kyasanur 
F. H. d�Omsk 
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Virus Ebola: Classification

• Ordre des 
Mononegavirales:   5 
familles

• Famille des Filoviridae:
• genre Marburgvirus

(1967)
• genre Ebolavirus

(1976 au Zaïre, 
rivière Ebola)

• genre Lloviuvirus
(Europe 2011)
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Les chauve-souris, réservoir de FHV�����������������������
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Abstract

In July and September 2007, miners working in Kitaka Cave, Uganda, were diagnosed with Marburg hemorrhagic fever. The
likely source of infection in the cave was Egyptian fruit bats (Rousettus aegyptiacus) based on detection of Marburg virus
RNA in 31/611 (5.1%) bats, virus-specific antibody in bat sera, and isolation of genetically diverse virus from bat tissues. The
virus isolates were collected nine months apart, demonstrating long-term virus circulation. The bat colony was estimated to
be over 100,000 animals using mark and re-capture methods, predicting the presence of over 5,000 virus-infected bats. The
genetically diverse virus genome sequences from bats and miners closely matched. These data indicate common Egyptian
fruit bats can represent a major natural reservoir and source of Marburg virus with potential for spillover into humans.
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Introduction

Viruses of the Marburgvirus and Ebolavirus genera (family
Filoviridae) cause outbreaks of hemorrhagic fever in Africa
characterized by person-to-person spread and high case fatality.
Humans have on occasion acquired infection from contact with
tissues of diseased nonhuman primates and perhaps herbivores,
but the susceptibility of these animals to fatal infection renders it
unlikely that they could serve as filoviruses reservoir hosts.

Although the source of filoviruses in nature has not been
definitively identified, the cumulative evidence suggests that bats
are involved. The infected monkeys consigned from Uganda to
Europe in 1967, which resulted in the first recognized outbreaks of
Marburg hemorrhagic fever (MHF), were caught on the shores of
Lake Victoria and on islands where fruit bats are prevalent [1]. In
1975, the second recorded outbreak of MHF involved tourists who
slept at two locations in Zimbabwe in rooms containing
insectivorous bats followed by a purported visit to Chinhoyi caves
(formerly Sinoia caves) where bats may also have been present [2].
In the first recognized outbreak of Ebola hemorrhagic fever (EHF)

in 1976, the first six patients worked in a room where bats roosted
in a cotton factory in Sudan [3]. In 1980 and 1987, two patients
who developed MHF in Kenya both visited a cave inhabited by
bats shortly before becoming ill [4,5]. In 1994, chimpanzees which
developed EHF in Cote d’Ivoire had been observed feeding in a
wild fig tree together with fruit bats for two weeks before
developing the disease [6]. The Reston ebolavirus, which is
apparently nonpathogenic for humans, was introduced into the
USA and Europe on several occasions via imported infected
monkeys from the Philippines, and each time the animals
originated from a single export facility located on the grounds of
a former fruit orchard where they were potentially exposed to the
excreta of fruit bats [7]. In1996, it was shown that experimentally
infected fruit bats were capable of supporting replication of
ebolavirus without developing overt disease [8]. In 1998–2000, a
protracted outbreak of MHF in Durba village in northeastern
Democratic Republic of the Congo (DRC) consisted of repeated
occurrences of short transmission chains arising in workers in
Goroumbwa Mine where large numbers of bats roosted. The
impression that there were recurrent introductions of infection into
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Filoviridae) cause outbreaks of hemorrhagic fever in Africa
characterized by person-to-person spread and high case fatality.
Humans have on occasion acquired infection from contact with
tissues of diseased nonhuman primates and perhaps herbivores,
but the susceptibility of these animals to fatal infection renders it
unlikely that they could serve as filoviruses reservoir hosts.

Although the source of filoviruses in nature has not been
definitively identified, the cumulative evidence suggests that bats
are involved. The infected monkeys consigned from Uganda to
Europe in 1967, which resulted in the first recognized outbreaks of
Marburg hemorrhagic fever (MHF), were caught on the shores of
Lake Victoria and on islands where fruit bats are prevalent [1]. In
1975, the second recorded outbreak of MHF involved tourists who
slept at two locations in Zimbabwe in rooms containing
insectivorous bats followed by a purported visit to Chinhoyi caves
(formerly Sinoia caves) where bats may also have been present [2].
In the first recognized outbreak of Ebola hemorrhagic fever (EHF)

in 1976, the first six patients worked in a room where bats roosted
in a cotton factory in Sudan [3]. In 1980 and 1987, two patients
who developed MHF in Kenya both visited a cave inhabited by
bats shortly before becoming ill [4,5]. In 1994, chimpanzees which
developed EHF in Cote d’Ivoire had been observed feeding in a
wild fig tree together with fruit bats for two weeks before
developing the disease [6]. The Reston ebolavirus, which is
apparently nonpathogenic for humans, was introduced into the
USA and Europe on several occasions via imported infected
monkeys from the Philippines, and each time the animals
originated from a single export facility located on the grounds of
a former fruit orchard where they were potentially exposed to the
excreta of fruit bats [7]. In1996, it was shown that experimentally
infected fruit bats were capable of supporting replication of
ebolavirus without developing overt disease [8]. In 1998–2000, a
protracted outbreak of MHF in Durba village in northeastern
Democratic Republic of the Congo (DRC) consisted of repeated
occurrences of short transmission chains arising in workers in
Goroumbwa Mine where large numbers of bats roosted. The
impression that there were recurrent introductions of infection into
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the need for a large host population with constant recruitment of
naı̈ve individuals. The estimated population of 112,000 R.
aegyptiacus bats in Kitaka mine could probably produce up to
100,000 offspring with two breeding seasons a year. Moreover the
species is widely distributed in Africa, with many large colonies in
proximity in East Africa alone, including the Kitum Cave complex
on Mount Elgon, and numerous caves in western Uganda. It has
been observed in South Africa that large proportions of the bats
within R. aegyptiacus colonies migrate $300 miles to other colonies
on a seasonal basis [27]. Hence the potential pool of vertebrate
hosts for Marburg virus may extend to tens of millions of bats
across a large geographic range.

Although diverse Marburg virus lineages were found to co-
circulate at single geographic locations in Kitaka mine in Uganda
and Goroumbwa Mine in the DRC, it is noteworthy that very

closely related lineages have also been found at widely separated
geographic locations, in some instances over 2000 km apart. For
example, Marburg virus sequences found in bats in Gabon are
closely related to isolates from Zimbabwe, Uganda and DRC.
Isolates of the Ravn lineage have been found in Kenya, DRC and
Uganda. In fact, an isolation-by-distance analysis of the data
presented here (Mantel test) found no correlation between genetic
and geographic distances (p.0.3). The geospatial separation of the
closely related Marburg virus lineages is most consistent with
mobility of their natural host, a dynamic easily accomplished by
the enormous meta-population of R. aegyptiacus present in Africa.

Longitudinal studies of naturally infected R. aegyptiacus colonies
would provide valuable insights into the dynamics of immune
status, as well as the shedding, transmission and persistence of
Marburg virus in bat populations, and help to determine if the

Figure 2. Phylogenetic analysis of full-length or partial genomes of Marburg viruses isolated from humans or bats (see Table S1 for
Genbank accession numbers). Trees shown are maximum-likelihood analyses with Bayesian posterior probabilities .50 listed at the appropriate
nodes. The ebolavirus outgroup used during the Bayesian phylogenetic analyses are denoted by the small twig at the root of the tree. Marburg virus
sequences from 2007 human cases in Uganda are in green, while those from bats are listed in red. (A) Analysis of full-length genomes of five Marburg
virus bat isolates, 18 historical isolates, and the isolates from patients A and B (01Uga07 and 02Uga07 respectively). (B) Phylogenetic analysis of
concatenated NP and VP35 sequence fragments obtained from each bat specimen compared to corresponding regions from 48 historical isolates
and those from 01Uga07 and 02Uga07.
doi:10.1371/journal.ppat.1000536.g002

Isolation of Marburg Virus from Fruit Bats
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Le virus Ebola
• La maladie à virus Ebola (= fièvre hémorragique à virus Ebola) est une maladie 

grave, souvent mortelle chez l’homme.
• Le virus se transmet à l’homme à partir des animaux sauvages et se propage 

ensuite dans les populations par transmission interhumaine.
• Le taux de létalité moyen = environ 50%
• Famille des Filoviridae, genre Ebolavirus

40

Epidémies Sud 
Soudan/Ouganda

Epidémies Sud 
RDC/Congo/Gabon

Maladie Ebola
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Le virus Ebola

43

Réservoir animal: 
chauve-souris 

frugivores

Epizootique chez 
les animaux 
sauvages: 

transmission par 
contact direct ou 

indirect avec 
chauve-souris

Transmission 
primaire à l’homme: 

manipulation 
d’animaux malades
ou morts en forêt
++ / contact direct 

avec chauve-sourie
(rare)

Transmission secondaire 
inter-humaine contact avec 

sang, sécrétions d’un 
individu infecté. ++ surtout si 

soins médicaux / rites 
funéraires

Persistance possible du 
virus chez les survivants 

dans sécrétions sexuelles
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Particule virale
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Cycle de multiplication
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Tropisme cellulaire

• Large tropisme cellulaire in vivo, y 
compris cellules immunitaires 
(CPA)

Seminar

www.thelancet.com   Vol 393   March 2, 2019 939

disease (appendix), some of which are summarised in 
figure 3.

After an incubation period of 2–21 days, Ebola virus 
disease typically starts as a non-specific viral syndrome of 
abrupt onset. The most common symptoms are high fever, 
malaise, fatigue, and body aches. These symptoms are 
usually followed after a few days by gastrointestinal 
symptoms, which include nausea, vomiting, and diarrhoea. 
This phase can range from mild-to-severe, with fluid loss 
of up to 5–10 L/day. Other, rarer, symptoms and signs are 
cough and dyspnoea, conjunctival injection, hiccups, or 
localised pain (chest, abdomen, muscles, or joints).62

Although some patients will start recovering at this 
stage (sometimes after a relatively mild disease), others 
will go into shock, possibly due to hypovolaemia and a 
systemic inflammatory response. Around this time, 
patients can present with haemorrhagic events, which 
include conjunctival bleeding, petechiae, gastrointestinal 
bleeding, mucosal haemorrhage, and continued oozing 
after venepuncture (table 1).62,63 However, haemorrhage 
was an uncommon symptom in the 2013–16 west African 
outbreak. Neurological events are rare and include 
confusion, delirium, and convulsions. Some cases of 
Ebola virus disease-related encephalitis have been 
reported.65 Other late symptoms include dysphagia, throat 
pain, and oral ulcers. Exceptionally, sudden death can 
occur in recovering patients, possibly due to cardiac 
arrhythmias. A maculopapular rash has been described, 
but it is often only discretely visible on patients with dark 
skin. If patients survive the stage of shock, gradual 
recovery can occur. Several studies have aimed to define 

clinical prediction tools for Ebola virus disease, integrating 
discriminatory symptoms or signs.66–68 However, their 
overall diagnostic accuracy was gener ally too low to be 
meaningfully integrated in clinical triage systems.

Laboratory features include variable degrees of anaemia 
and thrombocytopenia. Changes in number and type of 
white blood cells are more variable. Renal dysfunction 
(with or without proteinuria) (up to 50% in the 2013–2016 
outbreak), and substantial increases in liver enzymes 
(particularly aspartate aminotransferase) are common.65 
Creatine phosphokinase and amylase concentrations 
(with or without clinical pancreatitis) can be increased. 
Electrolyte abnormalities are common, especially hypo-
kalaemia, hyponatraemia, and hypocalcaemia.64,69 Clotting 
tests can indicate a varying degree of intravascular 

Figure 3: Ebola virus tropism
The tropism of Ebola virus gives some clues as to pathogenic mechanisms. 

Early targets include antigen presenting cells (APCs) in lymphoid tissues but, 
over time, many different cell types are infected, including, but not limited to, 

hepatocytes, and endothelial cells, resulting in several consequences. Infection of 
APCs in the lymph node stimulates B cell and CD4 or CD8 T cell activation, but 

lymphocytes also undergo apoptosis during Ebola virus disease. Ebola virus directly 
infects both hepatocytes and hepatic macrophages, but no clinical studies have 

investigated the mechanisms involved after infection. Interactions between Ebola 
virus glycoprotein and Toll-like receptor 4 (TLR4) on hepatic macrophages could 

further activate macrophages and potentiate cytokine elaboration. Infection of 
blood APCs or monocytes could potentiate cytokine elaboration, and loss of 

subsets of monocytes are noted in infected individuals. Whether monocytes are 
lost from blood because they are infected or because they are recruited to sites of 

inflammation is unclear. Furthermore, interactions between T-cell 
immunoglobulin and mucin domain1 (TIM1) on T cells might promote 

non-specific immune activation and potentiation of the cytokine and chemokine 
cascade. Natural killer (NK) cell subset loss also occurs during infection, although 
the reason for this event is not known (NK cells are not directly infected by Ebola 
virus). Endothelial cells can become infected late in the infection phase, but early 

during the disease, the endothelium is activated via cytokine and chemokine 
stimulation. An activated endothelium has increased permeability and is 

chemoattractive to white blood cells, which extravasate into sites of inflammation. 
Tissue factor release from activated endothelial cells could lead to activation of 

coagulation. Simultaneously, the activated endothelium up-regulates 
thrombomodulin which inhibits coagulation via activation of protein C. Elevated 

levels of D-dimer noted in patients are indicative of ongoing fibrinolysis. Activation 
of these opposing pathways are indicative of the coagulopathy that is seen during 

Ebola virus disease. It has also been shown that macrophages in the chambers of 
the eye, brain, and epididymis are sites of viral persistence (sanctuary sites).

Blood

APC Monocyte

Monocyte subset loss 
and possibly cytokine 
elaboration

CD4 or CD8

T cell activation and 
proliferation and 
cytokine elaboration

NK

NK cell subset loss

TIM 1 
signalling

LiverLymph node

CD4 or CD8B cell

APC

B cell and CD4 or CD8 
T cell activation

Macrophage Hepatocytes

Macrophage 
activation and 
cytokine 
elaboration

Development of
viral inclusion 
bodies; necrosis

TLR4
signalling

Endothelium Sanctuary sites: brain,
eyes, and epididymis

Macrophage

Tissue factor release→coagulation activation
Thrombomodulin→coagulation inhibition
D-dimer→Fibrinolysis

Increased permeability by activation via 
cytokines and chemokines; chemoattractive 
to WBCs

WBC
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Transmission

• Réservoir animal = chauves souris (?)
• Transmission primaire à l’homme / contact avec animaux 

infectés ou morts / avec chauve-souris?
• Transmission interhumaine secondaire / Sang, 

sécrétions, tous fluides biologiques
– Risque ++ par contact avec corps des personnes décédées 

d’Ebola (soins funéraires)
– Infection nosocomiale
– Transmission par voie sexuelle/survivants
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Infection et symptômes

• Durée d’incubation: 2 à 21 jours, 11.4 jours en moyenne
• Apparition des signes 15.3(± 9.1) jours
• Hospitalisation 5.0 (± 4.7)jours (temps de contagiosité)
• Délais décès 4.2 (± 6.4) jours
• Guérison 11.8 (± 6.1) jours      (N Engl Med, oct 16 1481-95)

• Sources de contamination: sang et fluides biologiques (larmes, salive, 
lait maternel, sueur, sperme), selles, vomissements

• Niveau de contagiosité:
– Pas de contamination pendant la période d’incubation
– La début de la contagiosité est liée à la virémie donc aux premiers symptômes
– Plus la maladie progresse, plus la charge virale augmente et plus le patient est 

contagieux

• Diagnostic différentiel: surtout avec les autres FHV et avec le 
paludisme (attention aux co-infections, fréquentes)
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Maladie Ebola

• Décès en moyenne 
8 jours après le 
début de la fièvre

• Si survie: 
– fièvre pendant 

environ 1 semaine, 
possibilité de 
désquamation

– Convalescence 
longue (asthénie, 
arthralgies)

– Séquelles 
neurologiques 
possibles
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Diagnostic
Isolement du virus en culture cellulaire en
laboratoire de type P4
Diagnostic moléculaire : RT-PCR 
Détection J3 à J7/J16 après le
début des symptômes



UE M1 Microbiologie 2023_ Dr Bressollette-Bodin

Traitements en évaluation

• Nouveaux analogues nucléosidiques= Remdesevir
• Antiviral large spectre ARN= favipiravir
• TKM-Ebola = combinaison de 3 ARNi ciblant 3 protéines 

virales
• mAb114= un seul AcM
• Zmapp= 3 AcM humanisés anti-gP
• REGN 3470-3471-3479 = cocktail de 3 Ac
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Perspectives thérapeutiques

mAb114

REGN-EB3

3 anticorps monoclonaux (Zmapp, mAb114 et REGN-EB3) et 1 inhibiteur 
ARN polymerase (remdesivir)
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Vaccination



UE M1 Microbiologie 2023_ Dr Bressollette-Bodin

Vaccination en anneau : « Ring vaccination »
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Perspective

Lessons from the host defences of bats, a 
unique viral reservoir

Aaron T. Irving1,2,3,5 ✉, Matae Ahn1,5, Geraldine Goh1,5, Danielle E. Anderson1 & Lin-Fa Wang1,4 ✉

There have been several major outbreaks of emerging viral diseases, including 
Hendra, Nipah, Marburg and Ebola virus diseases, severe acute respiratory syndrome 
(SARS) and Middle East respiratory syndrome (MERS)—as well as the current 
pandemic of coronavirus disease 2019 (COVID-19). Notably, all of these outbreaks 
have been linked to suspected zoonotic transmission of bat-borne viruses. Bats—the 
only !ying mammal—display several additional features that are unique among 
mammals, such as a long lifespan relative to body size, a low rate of tumorigenesis and 
an exceptional ability to host viruses without presenting clinical disease. Here we 
discuss the mechanisms that underpin the host defence system and immune 
tolerance of bats, and their rami"cations for human health and disease. Recent 
studies suggest that 64 million years of adaptive evolution have shaped the host 
defence system of bats to balance defence and tolerance, which has resulted in a 
unique ability to act as an ideal reservoir host for viruses. Lessons from the e$ective 
host defence of bats would help us to better understand viral evolution and to better 
predict, prevent and control future viral spillovers. Studying the mechanisms of 
immune tolerance in bats could lead to new approaches to improving human health. 
We strongly believe that it is time to focus on bats in research for the bene"t of both 
bats and humankind.

The current pandemic of COVID-19—caused by severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2)—has led to more than 
75,704,857 cases and caused 1,690,061 deaths (as of 21 December 
2020)1. Although the possibility of an intermediate host remains an 
open question, SARS-CoV-2 is believed to have an ancestral origin in 
bats2—with closest similarity to the bat coronavirus RaTG133. Con-
ceptually, an outbreak caused by an emerging zoonotic bat virus 
has not only been predicted, but expected4–6. Continued human 
interference with natural ecosystems has resulted in many out-
breaks in the past few decades6. Along with well-known bat-borne 
viruses such as rabies and Ebola virus7,8, there is a range of diverse 
coronaviruses in bats that have confirmed spillover potential for 
severe disease outbreaks—including severe acute respiratory syn-
drome coronavirus (SARS-CoV) (which emerged in 2003) and ongo-
ing outbreaks associated with Middle East respiratory syndrome 
coronavirus (MERS-CoV) (since 2012). The ability of bats to harbour 
many viruses—and zoonotic coronaviruses in particular—may result 
from their ability to efficiently regulate host responses to infection, 
although species richness may also have a role9. Through ecological 
factors, biological traits or their underlying unique immune systems, 
bats can prevent excessive immune pathology in response to most 
viral pathogens. Examining these processes will unlock key lessons 
for human health, from understanding ageing to combating cancer 
and infectious diseases.

Basic biology of bats
Across mammalian orders, Chiroptera (bats) is a species-rich taxon that 
stands out as it is uniquely capable of powered flight; bats represent 
1,423 of the more than 6,400 known species of mammal10,11 (Table 1). 
This diversity is matched by their wide geographical distribution, which 
spares only the polar regions, extreme desert climates and a few oce-
anic islands12. Bats are keystone species upon which other fauna and 
flora are highly dependent for fertilization, pollination, seed dispersal 
and control of insect populations13,14. Bats roost in foliage, rock crev-
ices and caves, and hollowed trees, as well as human-made structures 
such as barns, houses and bridges15. Different species may be homo- or 
heterothermic, using hibernation or shorter, daily episodic torpor to 
conserve energy16. Bats are prone to low fecundity and use reproductive 
strategies such as the storage of sperm or prolonged pregnancies, with 
either seasonal or aseasonal reproductive cycles15. Furthermore, they 
consume a wide range of diets—including nectar, fruit, pollen, insects, 
fish and blood (as in the common vampire bat (Desmodus rotundus)). 
Ever intriguing to humankind, bats possess the sensing powers of echo-
location and magnetoreception (the ability to differentiate polar south 
from north), both of which are used primarily by microbats17–19. Differ-
ences in ecology, biology and physiology are important factors that 
must be considered in species-specific responses within bats and in 
the conduction of experimental studies.
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Bats are the second most diverse mammalian order on 
Earth after rodents, comprising approximately 22% of all 
named mammal species, and are resident on every conti-
nent except Antarctica1. Bats have been identified as nat-
ural reservoir hosts for several emerging viruses that can 
induce severe disease in humans, including RNA viruses 
such as Marburg virus, Hendra virus, Sosuga virus and 
Nipah virus. In addition to direct isolation of these 
human pathogens from bats, accumulating evidence 
suggests that other emerging viruses, such as Ebola 
viruses, severe acute respiratory syndrome coronavirus 
(SARS-CoV), SARS-CoV-2 and Middle East respiratory 
coronavirus (MERS-CoV), also originated in bats, even 
if other hosts, such as civets for SARS-CoV and camels 
for MERS-CoV, are proximate reservoirs for human 
infection2–5. A growing list of emergent coronaviruses, 
including the Swine acute diarrhoea syndrome corona-
virus, which emerged from horseshoe bats and killed 
>20,000 pigs6, and the ongoing COVID-19 pandemic7, 
further underscores the ongoing threat of bat-borne 
viral emergence.

Bats harbour a high viral diversity relative to other 
mammalian orders; indeed, recent studies have sug-
gested that viral diversity is reflective of the number of 
species, with Rodentia (rodents) and Chiroptera (bats) 
containing the most species among mammals8. This viral 
diversity flags bats as an important taxonomic group for 
global viral discovery and zoonotic disease surveillance 
efforts9. These efforts, ultimately aimed at identifying 
and mitigating future emergence events of bat-borne 
diseases, have identified thousands of novel bat-derived 
viral genomic sequences over the past decade. However, 

as most of these sequences span polymerases and not 
the surface proteins that often govern cellular entry, little 
progress has been made towards translating sequence 
data from novel viruses into a risk-based assessment 
to quantify zoonotic potential and elicit public health 
action. Further hampering this effort is an incomplete 
understanding of the animals themselves, their distribu-
tions, behaviours and interactions with the environment, 
and the processes that lead to contact with humans. 
In this Review, we discuss the current state and knowl-
edge gaps of bat virus ecology (BOX 1) and the molecular 
barriers to zoonotic disease emergence; we also review 
advances and challenges in pandemic preparedness and 
provide a framework for addressing critical deficits in 
our understanding of bat-borne viruses.

Viral diversity in bats
Research on bat viruses dates back to the 1930s, when 
Joseph Pawan first identified rabies virus in bats and 
experimentally infected several different bat species with 
the virus in Trinidad10,11. The following decades saw a 
slow accumulation of newly discovered bat viruses12 and 
an exponential increase after the discovery and isola-
tion of SARS-related coronaviruses (SARSr-CoVs) from 
bats in 2002 and the concomitant rise of next-generation 
sequencing technologies13,14. Field research on other 
bat-borne emerging pathogens, including Nipah 
virus15–18 and Marburg virus19, in combination with the 
decreasing cost of next-generation sequencing technol-
ogies, spawned the current era of intensive bat viral dis-
covery efforts. These efforts have led to the identification 
of whole clades of viruses and genomic sequences closely 
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Around here, it takes all the running you can do 
just to stay in the same place. 
LEWIS CARROLL 
Alice in Wonderland


