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Ebola virus (Filoviridae: Ebolavirus: Zaire ebolavirus):
fatal adaptation mutations
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Ebola virus disease (EVD) (former Ebola hemorrhagic fever) is one of the most dangerous infectious diseases
affecting humans and primates. Since the identification of the first outbreak in 1976, there have been more than
25 outbreaks worldwide, the largest of which escalated into an epidemic in 2014-2016 and caused the death of
more than 11,000 people. There are currently 2 independent outbreaks of this disease in the eastern and western
parts of the Democratic Republic of the Congo (DRC) at the same time. Bats (Microchiroptera) are supposed to
be the natural reservoir of EVD, but the infectious agent has not yet been isolated from them. Most animal viruses
are unable to replicate in humans. They have to develop adaptive mutations to become infectious for humans. In
this review based on the results of a number of studies, we hypothesize that the formation of adaptive mutations
occurs directly in the human and primate population and subsequently leads to the development of EVD outbreaks.
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Bupyc 36ona (Filoviridae: Ebolavirus: Zaire ebolavirus): daTtanbHbie
apanTauvoHHble MyTauum

Homxukosa U.B., WepbunnH O.H., ToryHos [.10., MmHuOypr A.J1.

OIrBY «HaumoHanbHbIM UCCneaoBaTenbCKUi LEHTP ANMAEMMUONOTMM U MUKPOBUONOrM UMEHN NOYETHOTO akagemumnka
H.®. lamanen» Mun3gpasa Poccuu, 123098, Mocksa, Poccus

BonesHb, BbIzBaHHas Bupycom O6ona (BBBJ) (npexHee Ha3BaHue — remopparnyeckas nuxopaaka dbona), — oa-
HO M3 camblX OMacHbIX MHMEKLMOHHbIX 3aboneBaHuii, nopaxaroLwmux Yernoseka u npumatoB. C MOMeHTa NAeHTU-
rkaummn nepson Benbilwky B 1976 I. B Mupe Gbino 3apernctprpoBaHo 6onee 25 aHanormyHbix aNn3ogoBs, camblii
KpynHbIn 13 kotopbix B 2014—2016 rr. nepepoc B aNMAEMUI0 U YHEC XM3HK cBbilwe 11 Thic. Yenosek. B HacToswwee
BpEMsi OAHOBPEMEHHO B BOCTOYHOM M 3anagHomn vactsx Oemokpatudeckon Pecny6nuku Konro (OPK) npoteka-
0T 2 He3aBucumble Benblwkn BBB3. CunTaercs, YTO eCTECTBEHHbLIM pe3epByapom e€ Bo30yauTenen sBnstoTcs
nety4me Mbiwm (Microchiroptera), ogHako MHMEKLIMOHHBIN areHT U3 HUX [0 CUX MOp He BblAerneH. MI3BecTHO, 4To
BOMbLUNHCTBO BUPYCOB XMBOTHbIX HE CMOCOBHO pennmMumnpoBaThCs B YENoBEYECKOM opraHuame. [ns Toro 4Tobbl
NPOM30LLIIO 3apaXeHue YenoBeka, HeoBXoauMOo Hanuyne aganTaunoHHbIX MyTauuin (AM). B gaHHom o63ope Ha
OCHOBaHWKW pe3ynbTaToB psaa UccrnefoBaHuin chopMynmpoBaHa rmnotesa o ToM, YTo opMrMpoBaHne MyTaLMOH-
HbIX M3MEHEHUI NOJOBOHOro poaa NPOUCXOAMUT HEMOCPEACTBEHHO B MOMYNAUMSAX MIOAEN 1 NPMMAaToB, NPMBOAS B
JanbHenweM K pa3suTuio Benblwek BBBO.

KnroueBble cnoBa: supyc 36ona; adanmayuoHHble Mymauyuu
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Adaptive mutations in the structure of Ebola virus
glycoprotein tend to increase viral infectivity
in human and primate cells

Ebola virus disease (EVD), one of the deadliest viral
diseases, affects both humans and primates. It is char-
acterized by a severe condition, development of overall
intoxication and a high fatality rate reaching 90% [1-3].
Ebola viruses belong to the genus Ebolavirus, family
Filoviridae [4]. Currently, the 6 known species of this
genus are Zaire ebolavirus (ZEBOV), Sudan ebolavirus
(SUDYV), Bundibugyo ebolavirus (BDBV), Reston ebo-
lavirus (RESTV), Tai Forest ebolavirus (TAFV), Bom-
bali ebolavirus (BOMYV), out of which the first 3 are
most pathogenic for humans.

The Ebola virus (EBOV) has a complex structure.
Its virion consists of a lipid envelope with transmem-
brane proteins, a nucleocapsid containing genomic RNA
and polymerase complex, and a matrix layer consisting
of VP24 and VP40 proteins [5]. The viral genome is
represented by a negative-polarity single-stranded RNA
molecule, which encodes structural and nonstructural
proteins. It is located in the central part of the virion,
being bound to a nucleoprotein (NP) and nucleocapsid
proteins (VP30). The same location hosts VP35 pro-
teins and a viral polymerase catalytic subunit L [6-8].
Through matrix proteins VP24 and VP40, the nucleo-
capsid is attached to the inner side of the lipid bilayer
of the virus envelope, which is formed from the plasma
membrane of the host cell during the budding of a virion
[6-8]. Envelope glycoprotein (GP) molecules anchored
in the bilayer form spikes and play a critical role in the
virus life cycle by mediating the internalization process.

The study of different mutations in EBOV proteins
has shown that the most effective mutations associ-
ated with virus replication are those that involve its
full-length glycoprotein. Wong G. et al. demonstrated
that acquired mutations in the GP structure increased
the pathogen’s ability to perform internalization,
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thus affecting the growth rate and, consequently, an
increased viral progeny output per cell [9]. It results
in increased infectivity of the agent both in vitro and
in vivo. Similar results were obtained by different re-
searchers [10, 11] studying adaptive mutations (AMs)
in the EBOV glycoprotein by using cell cultures of
various mammals. For example, Kurosaki Y. et al.
showed that during culturing of the above pathogen
or the vesicular stomatitis virus (VSV) whose glyco-
protein was replaced with the EBOV glycoprotein,
AMs of the glycoprotein structure were developed in
the Vero E6 cell culture, causing the increased viral
internalization. In its turn, it causes an increase in
the growth rate and in viral progeny output per cell.
Therefore, the occurrence and fixation of such muta-
tions lead to increased EBOV infectivity for human
and primate cells [12—15].

The study of AMs of the above infective agent during
the 20142016 sweeping outbreak identified several key
mutations resulting in the widespread disease. Topping
the list, there were mutations in the full-length viral gly-
coprotein, which considerably enhanced viral internal-
ization [16, 17].

From the first EVD outbreak
to fatal adaptive mutations

Since the virus was first identified, there have been
more than 25 EVD outbreaks (Table 1); the 2014-2016
outbreak was the largest one that rapidly escalated into
an epidemic and claimed more than 11 thousand human
lives [18, 19].

The first outbreak was reported in Nzara (Sudan) at
the end of June 1976, in 3 cotton factory workers; how-
ever, the route of infection was not described [20]. Later,
in September of the same year, another outbreak oc-
curred in Zaire (now the Democratic Republic of Congo
(DRCQ)) in the vicinity of Yambuku village [21]. The first
patient diagnosed with malaria was treated with injec-
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tions at the Yambuku Mission Hospital (YMH). Then,
the infection was transmitted through used needles and
syringes in the hospital and clinics located in the area as
well as through direct human-to-human contact.

In 2014, the outbreak that rapidly spiraled into an epi-
demic started with an 18-month-old boy from the village
of Meliandou in southern Guinea [22, 23]. The boy is
believed to have been infected by bats or their body flu-
ids (urine, feces, saliva).

The detailed analysis of EVD cases has shown that
frequently the primary case is a person or a small group
of people who are first to spread the disease to others.
The documents available at sites of the World Health
Organization (WHO) and Centers for Disease Control
and Prevention (CDCs) state that the primary cases may
have come from contact with infected/dead monkeys
(Haplorhini) or bats (Microchiroptera). Those who had

Table 1. Chronology of the EVD outbreaks since 1976 [19]
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contact with monkeys displayed the disease symptoms
at the same time, while symptoms appeared only in a
few people who had contact with bats [24]. A human can
contract the virus (causing an infection) only when there
are AMs, as most of the animal viruses are not able to
replicate in humans [25].

To date, no isolation of EBOV that would have high in-
fectivity has been successful from bats, though the tested
animals were PCR-positive [26]. The viral agent isolated
from their tissues tends to reproduce very poorly in hu-
man and primate cell cultures; therefore, it needs AMs to
replicate in humans [17]. The discovery of the fact that
mutations cause infectivity loss in bats was an important
step in the study of AMs in the structure of EBOV glyco-
protein. Urbanowicz R.A. et al. showed that such muta-
tions caused increased viral infectivity for humans, while
resulting in decreased infectivity for bat cells [17].

Country/region | Cases of disease, n | Lethal outcomes, n | Type of pathogen | Years
Democracy Republic of Congo (DRC), Uganda 3228 2157 ZEBOV 2018-2019
DRC 54 33 ZEBOV 2018
DRC 8 4 ZEBOV 2017
DRC 66 49 ZEBOV 2014
Guinea, Sierra Leone, Liberia 28 652 11 325 ZEBOV 20142016
Uganda 6 3 SUDV 2012
DRC 36 13 BDBV 2012
Uganda 11 4 SUDV 2012
Uganda 1 1 SUDV 2011
DRC 32 15 ZEBOV 2008
Uganda 149 37 BDBV 2007
DRC 264 187 ZEBOV 2007
South Sudan 17 7 SUDV 2004
Republic of the Congo 35 29 ZEBOV 2003
Republic of the Congo 143 128 ZEBOV 2002
Republic of the Congo 57 43 ZEBOV 2001
Gabon 65 53 ZEBOV 2001
Uganda 425 224 SUDV 2000
South Africa 2 1 ZEBOV 1996
Gabon 60 45 ZEBOV 1996
Gabon 37 21 ZEBOV 1996
DRC 315 250 ZEBOV 1995
Cote d’Ivoire 1 0 TAFV 1994
Gabon 52 31 ZEBOV 1994
South Sudan 34 22 SUDV 1979
DRC 1 1 ZEBOV 1977
South Sudan 284 151 SUDV 1976
DRC 318 280 ZEBOV 1976
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AMs can occur when EBOV persists in the body of
monkeys having contact with body fluids of infected
bats (saliva, feces) and eating bats. In these situations,
the viral agent can mutate, and this ability is demonstrat-
ed by the cultivation of kidney epithelial cells extracted
from an African green monkey (Chlorocebus sabaeus)
—Vero E6 [10, 11] as well as when studying its mutation-
al variability in infected monkeys [27]: mutations have
been detected in different genomic regions of the patho-
gen (including regions responsible for the glycoprotein
structure) and contributed to the increased efficiency of
the virus internalization. The adapted EBOV is able to
actively reproduce in monkey and human cells; when
this pathogen enters the body, it causes EVD in the in-
dividual. It should be noted that all contacts of a human
with infected monkeys resulted in contracting the dis-
ease. It is well illustrated by the case in Central Africa,
when a group of hunters brought back a dead (the cause
of death had been unclear) animal to the village for con-
sumption. An EVD outbreak started a few days later.

Most likely, AMs can also occur in a human body.
Interestingly, the population of endemic areas can
have EBOV-specific antibodies, while displaying no
symptoms. In Sudan, specific antibodies were detect-
ed in blood serum in 19% of people having contact
with EVD patients and having not been exposed to
the virus previously. In DRC, 1% of people living in
villages outside the epidemic zone, having no contact
with EVD patients and displaying no EVD symptoms
have these antibodies as well [21]. In endemic areas
of the country (villages in the vicinity of Tandala),
EBOV-specific antibodies were detected in 7% of the
population, and their presence has a direct correla-
tion with the age: from 1% in children under 4 years
to 21% in adults over 60 [28]. A number of other stud-
ies have also shown people’s seropositivity to ebola-
viruses: 20.8% in the Central African Republic (CAR)
[29], 22% in Sudan [38], 13% in Liberia [40], 11% in
Gabon [34-37], 10% in DRC [28, 30-33], 7% in Cam-
eroon [41, 42], 4% in Madagascar [39], 2% in Nigeria
[43], 1% in the Federal Republic of Germany (FRG)
[44] and 1% in Kenya [45]. The recent studies pub-
lished in July 2020, state that in Uganda, those who
live and work in high-risk areas were 5.4 times more
likely to be filovirus seropositive compared to resi-
dents of central Uganda [46]. Thus, representatives of
the population of EVD endemic regions have contacts
with EBOV carriers (bats) when hunting and catch-
ing them, cooking, eating them, etc. As a result, those
who were exposed to the virus can develop a specific
immune response, which apparently prevents the dis-
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ease from progression in the index case, though the
pathogen can persist in such individuals and acquire
AMs. They do not develop a disease, as their immune
system bridles the development of an infection pro-
cess. The assumption can be proved by a comparative
analysis of EBOV genomes isolated from bats and ge-
nomes of the virus isolated from sick/dead people and
monkeys; however, at the moment, it does not seem to
be realistic. Public databases (GeneBank) have infor-
mation about EBOV glycoprotein nucleotide sequenc-
es; the information is based on studies of the RNA
isolated from tissues of sick people and monkeys, but
there are no comparable data on biological material
from bats being a natural reservoir of the virus. There
are only 7 sequences encoding the L polymerase of
the virus isolated from the animals.

Crossing the interspecies barrier

Thus, we can offer several possible models, following
which the virus can cross the interspecies barrier.

Model 1. Infection is transmitted to humans from bats
or other animals carrying an adapted pathogen.

The 2014-2016 epidemic started from the primary
case — a little boy who played with other children in a
hollow tree housing a colony of free-tailed bats (Mops
condylurus). Such bats are a potential EBOV reservoir
(the recently discovered new species of ebolaviruses,
Bombali ebolavirus, was isolated from animals of this
species). Bats usually live in colonies; each of them can
have a bat-carrying virus with mutations. The affected
child may have had contact with such bats [25].

This model implies that adaptation occurs in bats,
then the adapted virus is transmitted to a human or a
monkey; mutations can differ, as humans differ from
primates (Fig. 1). Monkeys, in their turn, are genetical-
ly closer to humans as compared to bats; therefore, the
monkey-human interspecies barrier is easier to cross
than the barrier involving a bat and a human. Currently,
it is an established (classical) model. However, it is still
not clear if the pathogen can adapt to the structures ab-
sent in the source body, taking into account that tissues
of bats do not contain cell receptors of humans, mon-
keys or representatives of other species. If the answer
is negative, the occurrence of an adapted virus should
be seen as impossible.

Model 2. Infection is transmitted to humans (or other
animals) from bats carrying an unadapted virus.

This model is contrary to the first one; it is postulated
that AMs occur in a human body (Fig. 2). The virus adapts
to the surrounding cell structures or, specifically, to human
cells. Yet, the model has a number of pitfalls, namely:
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1) The infective agent adapted to bat cells is not able
to get attached to human cells, to enter them, to replicate,
etc., as previously discussed. There must be AMs, which
occur during the viral genome replication, i.e. after all
the above stages have been passed.

2) This model implies that the non-virulent virus devel-
ops into a highly virulent pathogen, i.e. its lethality in a hu-
man body tends to increase gradually rather than go down.

OB30PbI

In the meantime, nothing of the kind is observed in nature
or even in experimental laboratories. After the interspecies
barrier is crossed, the virus lethality is always high and de-
creases gradually. In the meantime, no EBOV-caused ep-
idemics have demonstrated any decrease in the virulence
(which may be as a benefit, as high virulence results in the
eradication of infection); however, the same phenomenon
is frequently observed in other viral diseases.

Ebola virus
adapted to bat cells

-

Acquisition
of adaptive
mutations

Bat organism\

Human organism \

Fig. 2. The presumable route of infection in humans or other animals from bats carrying the unadapted virus.
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adapted to bats

The virus is
adapted to humans

Consensual (major) sequence
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in the body
of a bat
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Fig. 3. The presumable route of infection in humans from animals with part of the virus micropopulation having AM.

Model 3. Infection is transmitted to humans from ani-
mals whose viral micro-population, or its part, has AMs.

This model of crossing the interspecies barrier com-
bines all the features of the above models; thus, it is ap-
pealing to many present-day researchers and is based on
the quasispecies model offered by Nobel laureate Man-
fred Eigen in 1982 [47]. He came up with a theory sug-
gesting the existence of quasispecies — viral micro-pop-
ulations. The core idea is that RNA viruses, unlike other
organisms (including DNA-containing viruses), mutate
very rapidly and, therefore, do not exist as exact clones
of the same virion, but as a micro-population of parti-
cles, which are highly similar, though slightly different
in nucleotide and protein sequences.

Thus, a human can be infected in the event of a high
concentration of virions and/or in the event of frequent
contacts with the source of infection, if there is the EB-
OV variant moderately adapted to human cells due to
random mutations (Fig. 3).

The virus gains access to reproduction and, conse-
quently, acquires a number of other AMs, which are
highly specific for replication in human cells. This mod-
el provides an explanation to the above problems and to
the findings obtained after some experimental observa-
tions:

* In contrast to the first model of crossing the interspe-
cies barrier, in this scenario the virus in bats does not go
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through adaptation to human cell structures; at the same
time, the EBOV micro-population has virions with low
adaptation (low fitness) to them.

* It would be reasonable to assume that in all the in-
fected, the infection may be acute (when the virus is
adapted) or inapparent — when the virus is unable to rep-
licate or the disease cannot develop into an acute form
before the specific immunity is established. If the acute
infection develops and an epidemic begins, the virulence
will gradually decrease.

Many people who do not display any symptoms of
the disease caused by EBOV have antibodies against
it. In other words, there was an inapparent infection
process, when the infective agent entered the body
and resulted in antibody production; however, the dis-
ease did not develop, as the virus was not adapted to
human cells.

Model 4. Infection is transmitted to humans from var-
ious animals, and the index case does not display any
disease symptoms.

We are looking into another hypothetical way of
crossing the interspecies barrier, when infection is
caused by an unadapted virus carried by various an-
imals. Since the pathogen is not adapted to human
cells, the infection can be temporary (transient) or
inapparent, possibly developing — due to AMs in the
viral genome — into true persistence characterized
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by virus shedding and absence of disease symptoms.
Such an individual (the index case) develops AMs to
the cell structures. The persisting infection accompa-
nied by virus shedding means that the infection can be
transmitted to the primary case — the first individual
with disease symptoms (Fig. 4).

The above model is supported by some observations
and facts, namely:

* The infection process can take a form of true per-
sistence (existing virus shedding and absent symptoms).
There are cases when the virus remained in the body af-
ter treatment of the acute form of infection. This may
be explained by the occurrence of genetic EBOV vari-
ants that for some unknown reasons can persist, while
the infective agent is always shed by immune privileged
organs. It can be assumed that changed viral variants
can penetrate into them; however, as there are no favor-
able conditions for replication, the pathogen disappears
completely over time. The phenomenon does not seem
to have any epidemiological significance, though it im-
plies the possibility of infection of another individual
who can start an epidemic outbreak. One of the studies
shows that EVD human and monkey survivors may de-
velop persistent infection [48]. Other researchers have
demonstrated that EBOV can persist for a long time in

ol
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inter-articular fluid and semen, in the anterior chamber
of the eye, bone marrow, breast milk, sweat and oth-
er biological media of a human [49]. The examination
of 93 EVD male survivors showed that 100% of males
had EBOV RNA in the semen 2—3 months after the re-
covery; the proportion went down to 65% in 4—6 months
and to 26% in 7-9 months [49]. In another examina-
tion, 11 (8%) out of 137 male survivors had a viral RNA
detected in the semen 2 years after EVD [50].

Notably, EVD can take a chronic form, when the dis-
ease is reactivated in survivors [51, 52]. There is the ev-
idence of relapse that occurred a few months after the
recovery and that most likely was caused by the virus
persisting in the body. The nurse who contracted and
recovered from the disease was readmitted to hospi-
tal 9 months later with symptoms of acute meningitis;
EBOV was detected in her blood and cerebrospinal flu-
id; 9 weeks after the recovery, a doctor developed uve-
itis, and the infective agent was detected in the ocular
fluid [53]. There is no information about reinfection cas-
es in published studies.

» Existence of immune responses to ebolaviruses
among the population of endemic areas. As discussed
previously, EBOV-specific antibodies are detected in
residents of EVD endemic areas. Therefore, the in-

Index
case

Human organism

Primary
patiente

ir

Fig. 4. The presumable route of infection in humans from various animals without showing signs of disease in the index case.
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dex case can have virus-specific antibodies and, when
infected, the individual may not display any disease
symptoms, while retaining the capability of infection
transmission. We assume that residents living in these
areas may have contacts with animals carrying ebola-
viruses: during hunting and catching, cooking and eat-
ing them, etc. As a result, those who had contacts, first
of all, develop specific antibodies, which prevent the
disease development in the index case; secondly, eb-
olaviruses can persist in those who had contact with
them and acquire the required AMs. Then, index cases
act as a potential source of infection. Such carriers can
migrate actively from one area to another (for example,
during hostilities, which are not infrequent in Central
and East Africa), thus causing disease outbreaks in ar-
eas previously known for the favorable epidemiologi-
cal situation for EVD.

Conclusion

Viruses of the Ebolavirus genus are highly patho-
genic infective agents having a substantial epidemic
potential; therefore, their study is among top-prior-
ity objectives focusing on epidemiological safety of
mankind. However, the lack of information about
ebolavirus variants (mainly, about those that exist in
natural environments) makes it difficult to delve in-
to the evolution of this taxonomic group and mecha-
nisms involved in crossing the interspecies barrier by
its representatives. Consequently, there can be prob-
lems associated with the assessment of the epidem-
ic potential of a specific pathogen variant as well as
with the selection of the type of glycoprotein as the
main protective antigen for new vaccines. Therefore,
the study of filovirus isolates obtained from natural
reservoirs should be among the main research areas.
The human-involving crossing of the interspecies bar-
rier may most likely be achieved by using a single
mechanism, which should be thoroughly studied and
described as a combination of the above scenarios. A
clear understanding of this route will not only help
predict the occurrence and spread of EVD outbreaks
but also will play a crucial role in minimizing the
number of ebolavirus epidemics.
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