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Chapter 6 85
The Emerging Challenges in Transmission and Detection of Filovirus Infections 
in Developing Countries
by Samuel Okware

Preface

Filoviruses have been identified as new emerging, highly fatal pathogens. They
mainly comprised the Marburg virus and the Ebola virus. There is no known cure
and mortality remains very high. The Marburg virus infection was first identified in
1967 in Marburg Germany among laboratory workers who were accidentally infected
by imported green monkeys. The first outbreak of Ebola virus disease occurred in
1976 in Kikwit, in the Democratic Republic of the Congo on the northern border
with South Sudan. Since then several major outbreaks have occurred in Equatorial
Africa, especially in the Democratic Republic of the Congo, Sudan, Angola, and
Uganda. In 2014 to 2015, a major Ebola outbreak occurred in West Africa during
which over 23,000 cases and nearly 10,000 deaths occurred. The outbreak spread to
several countries and constituted an unprecedented global health emergency. Since
then, the scientific knowledge on these pathogens has been increasing but a lot more
on the ecology and treatment remains elusive.

This book discusses the emerging challenges of the filovirus infections Ebola and 
Marburg virus disease. It reviews the complex ecology and role of bats and other
suspected intermediate hosts, including pigs. Also examined are the challenges
for other modes of transmission and shortcomings in detection. The immunology
and pathogenesis of the infection and the impact on the host’s immune system are
discussed. The rare occurrence of the Marburg infection in pregnancy and its long-
term consequences of sexual spread among survivors is further examined. These
discussions have the potential to support future management of outbreaks and 
guide research for vaccines and drugs against Ebola and Marburg disease. The book
also includes historical perspectives of these viruses and discussions on the sources
of major outbreaks. It also examines their complex ecology and natural habitats. 
The role of bats as reservoirs of infection is reviewed and evidence incriminating 
them as a significant source of infection is discussed. Other possible reservoirs and 
intermediate hosts are also examined. The challenges for the modes of spread are
discussed against new scientific findings. The further discovery of the infection
in pigs raises the possibility of an intermediate host or additional reservoirs. The
potential for the infection to enter the food chain is examined. Evidence is also
presented suggesting sexual transmission of filovirus infection with details of
long-term persistence of infection in the body tissues of survivors. The book also
gives an extensive review of the immunology of the infection and the impact of
their interactions with the host’s immune system. The pathogenesis of the diseases
is analyzed. The shortcomings in procedures for early detection and diagnosis are
discussed. New diagnostic tools using dried reagents adapted for field diagnosis of
Ebola infection are suggested and described.

There is little information on the Marburg virus disease in pregnancy. The book
describes a rare occurrence and in particular the impact of pregnancy on this
infection. It also reveals the very high infectiousness and fatality rate during this
period compared with known Ebola outbreaks. The role of pregnancy and the prod-
ucts of contraception, including the fetus, in enhancing transmission is discussed.
A rare review is made of the long-term sustained sexual transmission of Marburg
virus infection. Evidence for severe testicular damage and dysfunction is also
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reported in some detail. The discussions on the ecology, reservoirs, immunology, 
and the challenges in case detection have the potential to assist in the management 
of future outbreaks of filovirus infections as well as guide for future research agenda 
for related vaccines and drugs.

The editor of this book would like to thank the authors for their contributions. I also 
thank the Project Manager Lada Bozic for the constant valuable assistance during 
the preparation of this book. Many thanks also go to the IntechOpen team their 
support in publishing this book.

Dr Samuel Okware
Director General,

Uganda National Health Research Organisation,
Entebbe, Uganda
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Chapter 1

Introductory Chapter: Emerging 
Challenges in Filovirus Control
Samuel Ikwaras Okware

1. Introduction

Infectious diseases in history have made a significant contribution to morbidity 
and mortality as well as disability worldwide. Nearly a quarter of the estimated 60 
million reported deaths in the world each year are related to infectious diseases [1]. 
The influenza outbreak of 1918–1919 was the worst such incident in living memory 
during which nearly 40 million people died worldwide. The unprecedented Black 
Death plague outbreak in the mid 1300 equally killed millions of people. Filoviruses 
as emerging infections appear to be on the same path, with an ever-increasing 
significant global impact on public health, human traffic and commerce. The recent 
West African Ebola outbreak which affected 10 countries in West Africa, Europe 
and the USA has demonstrated its capacity to be a global threat with profound 
psychological, emotional and mental repercussions. Its highly virulent nature over 
the years and the recent West African Ebola outbreak generated considerable panic 
and unprecedented global public health emergency [2]. Filoviruses are comprised of 
the Marburg and Ebola viruses. Since the discovery of the Marburg virus disease in 
the 1967, and the Ebola virus disease in 1976, over 50 filovirus disease outbreaks due 
to Marburgvirus and Ebolavirus have occurred. Some 37 Ebola virus disease and 14 
Marburg virus disease outbreaks occurred mostly in Africa. The recent 2013–2016 
outbreak in West Africa was so far the largest and most devastating. At the end of 
the epidemic, about 28,000 cases and 11,000 deaths were recorded. The case fatality 
for both viruses is very high (34–90%). There is yet no known cure. Since July 2018, 
the second largest EBOV outbreak is devastating Eastern Democratic Republic of 
the Congo with over 1600 cases and 1000 deaths reported by October 2019 [3]. New 
data from the West African epidemic suggests an expansion of our understanding on 
ecology and geographical scope of these viruses. The pattern of occurrence and its 
negative impact on the economy, society and development is emerging.

2. Perspectives on ecology and transmission

Understanding the ecology and virology of filoviruses helps in designing strate-
gies for prevention and control. Filoviruses are non-segmented negative-stranded 
RNA viruses. They belong to the family Filoviridae in the order Mononegavirales. 
There are five genera in the filovirus family: the Marburgvirus, Ebolavirus, 
Cuevavirus, Striavirus, and Thamnovirus. The Marburg virus and the Ebola virus are 
the most virulent to humans, while TAFV cause very limited disease and RESTV 
only asymptomatic infections. The Ebolavirus has five species known to cause 
disease in humans: Zaire ebolavirus (EBOV), Sudan ebolavirus (SUDV), Tai Forest 
ebolavirus (TAFV), Reston ebolavirus (RESTV), and the Bundibugyo ebolavirus 
(BDBV). In addition the Bombali ebolavirus was recently discovered in fruit bats in 
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Sierra Leone and Kenya. Also a new distinct filovirus, the Dianlovirus genus, has 
been proposed following the recent discovery of the Měnglà virus (MLAV) in fruit 
bats in China [4], demonstrating further the expanding geographical scope of the 
Ebola virus ecology. It is yet to be fully determined whether the impact of popula-
tion pressures such as deforestation and forest encroachment or subsequent climate 
change has also leveraged the ecosystems for transmission.

The origin of the infection and its life cycle is partly elusive. It is generally 
accepted that the infection is a zoonosis linked to wildlife reservoirs principally fruit 
bats and non-human primates. Studies indicate that such bats may be the ultimate 
reservoirs of this infection. Epizootics in wildlife have also been reported prior to 
outbreaks. It is also suggested that in endemic countries, non-human primates and 
other animals including pigs, dogs, duikers and even arthropods may be involved 
in the cycle linking wildlife infection to humans [5]. Direct contact during hunting 
and eating bush meat facilitates rapid spread. At community level, funeral ceremo-
nies of the victims amplify further transmission. In reported outbreaks of Marburg 
virus infection in Kenya, Angola, the Congo Republic and the DRC, Uganda has 
demonstrated cave-dwelling fruit bats as the source of infection. Serological 
ecological studies also have showed sero-positivity in asymptomatic individuals 
in selected communities in the DRC. Among the pigmy population nearest to the 
forest, the sero-positivity for EBOV is high and nearly 10-fold. Sexual transmission 
of Ebola infection among survivors raises concerns. Questions remain on the role 
linking these observations particularly the role of asymptomatic individuals in the 
community outbreak initiation.

3. Challenges on case detection

The clinical features of Ebola virus disease and Marburg virus disease have 
been consistent and the basis for the case definition in the detection of cases and 
contact tracing. The clinical features are typically high-grade fever associated 
with severe bleeding tendencies and followed by a rapid descent to multiple organ 
failure, shock and death within days. However these symptoms are nonspecific and 
mimic several many tropical conditions such as malaria which is so endemic and 
responsible for up to a quarter of the patient load in typical low-resource settings. 
This may undermine the timely detection of cases in outbreak management and 
affect the implementation of contact tracing using the WHO syndrome based on 
the case definition and criteria. The WHO has outlined the case definition criteria 
of an alert case, a suspected case, a probable case and a confirmed case. The first three 
are based on clinical symptom assessment, and only the confirmed case depends 
on laboratory confirmation with RT-PCR or IgG antibody and virus antigen for 
Ebola virus and Marburg virus. However, the specificity and the positive predic-
tive values in reported laboratory tests have not been accurately determined. The 
challenge in making a diagnosis is that the positive predictive value of the criteria 
may differ from outbreak to outbreak. Studies are therefore needed for concurrent 
validation of the case definition at localised field conditions and identification of 
cross-reactions in asymptomatic individuals. Concurrent validation studies should 
be carried out during outbreak management and containment. Therefore the search 
for new and accurate diagnostic methods needs to be addressed.

The factors behind the emergence of new pathogens are complex but are 
facilitated partly by the enabling interaction between the host and the agent in the 
supported by conducive environmental factors. Apparently for emerging infec-
tions, pathogens evolve and create new phenotypic properties that adapt infectious 
agents to new or old hosts. The genetic variation may lead to increased virulence 
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and infectivity. Understanding these factors including the immunology and the 
interactions between the filovirus and the host immune system is critical. Such 
knowledge will support the development of better diagnostics and tools. These tools 
will facilitate surveillance and outbreak management. It will provide evidence for 
the development of effective drugs and vaccines against the infection.

This book reviews and discusses known filovirus outbreak experiences. In par-
ticular, it examines opportunities and the missing links in the ecology, the natural 
history, immunology and the interactions with the host innate immune systems and 
other infections. It examines the potential benefits that would shape future research 
priorities. Such efforts could lead to quality and timely outbreak detection. Early 
detection and early action appear to be best approach, but such strategies should 
use evidence for prevention and control.

4. Conclusion

The epidemiology and the ecology together with the life cycle remain elusive. 
Studies are required to improve early detection to facilitate quick action. The 
unpredictability of the outbreaks suggests that basic epidemiological research for 
prevention and control should be carried out before, during and after outbreaks. 
Understanding the gaps in the ecology and the natural cycles of the filoviruses as 
well as its reservoirs will lead to the development of better strategies for prevention, 
control and management of future outbreaks. Campaigns directed at communities 
and tourists would be of benefit. Studies are needed to improve future forecasting 
of outbreaks. The impact of these viruses on the economy and society in general is 
an important area for future research. There is therefore a need for a strong global 
strategy that ensures international and interagency collaboration. International 
efforts are required to coordinate research to develop preventive strategies and 
tools. Support is required to support national efforts to build health systems for 
surveillance and emergency disease preparedness. A Global Health framework for 
coordination and financing of research into emerging infections will support and 
facilitate containment at national and global levels. The chapters in this book have 
tried to discuss some of these challenges and made suggestions for future research.

Author details

Samuel Ikwaras Okware
Uganda National Health Research Organisation, Entebbe, Uganda
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Chapter 2

Essay on the Elusive Natural 
History of Ebola Viruses
Jean-Paul Gonzalez, Marc Souris, Massamba Sylla, 
Francisco Veas and Tom Vincent

Abstract

This chapter presents a review of what is known about the natural history of 
the Ebolaviruses in Central and West Africa as well as in the Philippines. All the 
previous hypotheses on the natural cycle of Ebolavirus are revisited. Also, the main 
factors driving the virus natural cycle are summarized for the different ecosystems 
where the Ebolavirus is known to have emerged, including the virus species, the 
date of emergence, the seasonality, the environmental features, as well as the 
potential risk and associated factors of emergence. The proposed hypothesis of 
the Ebolavirus natural cycle prevails an inter-species spillover involving several 
vertebrate hosts, as well as biotic and abiotic changing environmental factors 
among other original features of a complex natural cycle. It is also compared with 
other virus having such type of cycle involving chiropteran as potential reservoir 
and vector and presenting such original inter-outbreak epidemiological silences. 
Ultimately, these observations and hypotheses on Ebolavirus natural cycles give 
some insight into the potential drivers of virus emergence, host co-evolution, and a 
spatiotemporal dimension of risk leading to identify high risk areas for preventing 
emerging events and be prepared for an early response.

Keywords: Ebolavirus, bats, chorology, natural cycle, host, one health

1. Introduction

It has been several decades since an unknown fever dramatically emerged, 
close to the Ebola river, a small tributary of the great Ubangi river in the heart 
of the Congolese tropical forest of Africa. Since that time, even though the virus 
responsible for this new hemorrhagic fever has been identified and character-
ized, the natural history of the eponymic Ebolavirus remains largely unknown. 
The cradle of the virus remains enigmatic and the emergence of the Ebola fever 
unsolved. Indeed, the arcane of Ebolavirus natural history is still hypothesized, 
thanks to an elusive virus that always risen where it was not expected, violent and 
devastating, and surprising local populations and health systems, as well as the 
international scientific community. This Ebolavirus eco-epidemiology remains 
complex while the Ebola fever (alias Ebolavirus Disease) can be considered as 
an exemplary disease that can be eventually comprehended only with a trans-
disciplinary approach that has recently been promoted as a One Health concept. 
Indeed, it is only when we take into account all disease and virus drivers, including 
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biotic and abiotic factors of the natural and human environments, that some 
mechanisms of the Ebolavirus disease emergence, such as spread and circulation, 
can be ultimately unveiled. For that, we have collected all information available, 
often estimated, from the time and place of the virus emergence long before the 
emerging event was identified as it and the epidemic phase was brought to public 
attention. Moreover, when available we also collect all data on potential natural 
and accidental hosts, weather and environment chorology, among other multiple 
factors potentially involved.

Historically, Ebolavirus emerged in Central Africa in the late 1970s, and has 
re-emerged most recently with the active epidemic (April 2019) in the eastern 
Democratic Republic of Congo (DRC), by encompassing more than 24 epidemic 
events from Central to West Africa, to imported infected monkey from Asia to 
Virginia, and the emerging new Ebola species of the Philippines archipelago [1].

Among the negative sense RNA viruses of the Filoviridae family five genera are 
known, including Cuevavirus, Ebolavirus, Marburgvirus, Thamnovirus. Among the 
Ebolavirus genus, five Ebolavirus (EBOV) species have been identified [2].

Ebolavirus’ (EBOV) first emergence occurred in 1976, as two different EBOV 
species in two different places in sub Saharan Africa. The Zaire Ebolavirus (ZEBOV) 
species and the Sudan Ebolavirus (SUDV) were detected concomitantly, a few 
weeks apart, respectively in the Northeastern Equator province of the Democratic 
Republic of Congo, DRC (alias Zaire), and in the Bahr el Ghazal province of South 
Sudan. On the 26th of August 1976 ZEBOV was isolated from missionaries and local 
villagers of the Yambuku, in the rain forest close to the Ebola river. However, earlier 
in June 1976, the SUDV had broken out among cotton factory workers in Nzara, 
Sudan (now in South Sudan) [3].

Then, in 1989, the Reston Ebolavirus species surprisingly (RESTV) emerged in 
the US (!) and was identified during an outbreak of simian hemorrhagic fever virus 
in crab-eating macaques from Hazleton Laboratories (now Covance) of Reston 
county, Virginia. Such primate specimens were found to be recently imported from 
the Philippines. Then, in 1994 a fourth new species of Ebolavirus was isolated from 
chimpanzee leaving in the Tai Forest of Côte d’Ivoire and named Côte d’Ivoire 
ebolavirus (CIEBOV). Finally, in November 2007, a fifth Ebolavirus species, was 
detected from infected patients in Uganda in the Bundibugyo District and was 
subsequently identified by the eponymic name of Bundibugyo Ebolavirus [4].

Briefly and extraordinarily among the world of the viruses, the filovirus virion 
presents a bacilliform (filamentous) shape, like a Rhabdovirus, but presents unique 
pleomorphic figures with branches and other tortuous shapes. Ebolaviruses have 
also an unusual and variable long length - up to 805 nanometers (only some plant 
virus can compete to this filamentous extensive length). However, the internal 
structure is more classical with a ribonucleoprotein nucleocapsid, a lipid envelope 
and seven nanometers size spikes. The genome is non-segmented, single stranded 
RNA of negative polarity with lengths of about 18.9 kb that code for seven proteins, 
each one having a specific function [5].

Ebolaviruses are known for their high case-fatality rate (CFR) with always 
less than 2/3 of survivors among the identified cases. ZEBOV, the most frequently 
isolated Ebolavirus species during the outbreaks, has the highest CFR, up to 
90% in some instances, with an average of 83% for the past 37 years. The Uganda 
BDBV outbreak had a mortality rate of 34%. RESTV imported to the US did not 
cause disease in exposed human laboratory workers. The scientist performing 
the necropsies on CIEBOV infected chimpanzees got infected and developed a 
Dengue-like fever, fully recovered 6 weeks after the infection while treated in 
Switzerland.
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2. When Ebolavirus raised his head in the heart of darkness

Dates and time make History. Indeed, the various reports on the emergence of 
Ebolavirus in Africa show discrepancies and lack accuracy, for multiple reasons 
(remote event, reports by different person or team, at different time…) but the 
only way to forge the history is to label the events with date, time and the envi-
ronmental factors observed. On July 27, 1976, the first (known) victim to contract 
Ebolavirus was a cotton factory worker from Nzara, Sudan. Then, in Zaire (DRC) 
on September 1, 1976, the first Ebolavirus (Zaire ebolavirus, ZEBOV) victim was 
a teacher who had just returned from a family visit to northern Zaire (6 Jennifer 
Rosenberg Internet). These two events were the very beginning of the boundless 
journey of a deadly Ebolavirus outbreaks.

2.1 The Ebolavirus species emerging events

When the virus becomes epidemic in a human population, it does so weeks or 
months after the emergent event of the virus switching from its silent transmission 
in a natural cycle to a zoonotic/epidemic manifestation, revealed to the local health 
system. Let us see in more detail such emerging events of Ebolavirus species (ICTV, 
2018) as there were reported or sometime interpreted, in time and place.

Sudan ebolavirus (SEBOV) occurred when the first recorded SUDV broke 
out among cotton factory workers in Nzara, South Sudan in June 271,976. This 
was indeed, the first case of Ebolavirus infection recorded and confirmed and 
also reported as potentially exposed to chiropteran. Indeed, at the Nzara Cotton 
Manufacturing Factory this first patient was a cloth room worker where bats 
(mostly Tadarida - mops - trevori) have a large population in the roof space of their 
premises. He died in the Nzara hospital on July 6, 1976. Local animals and insects 
were tested for Ebolavirus without success [6, 7].

Zaire ebolavirus (ZEBOV) was reported in the Mongala district of the 
Democratic Republic of Congo (DRC; alias Zaire) in August 1976, when a 44-year-
old schoolteacher of the Yambuku village, became the first recorded case of 
Ebolavirus infection in DRC. Also, the schoolteacher travel earlier in August 1976 
near the Central African Republic border and along the Ebola River, estimated 
90 km NW from the village [6].

Reston ebolavirus (REBOV) had its first emerging event as an imported infected 
cynomolgus monkey (Macaca fascicularis) in October 1989 imported from a facility 
in the Philippines (Mindanao Island) to Reston, Virginia, USA, where the primate 
got sick and the virus isolated [8]. In the Philippines, in several instances, the virus 
was found to infect pigs, in June and September 2008 ill pigs were confirmed to be 
infested by REBOV (Ecija and Bulacan, Manila island), as well during 2008–2009 
epizootics in the island of Luzon (Philippines) [9].

Cote d’Ivoire ebolavirus (CIEBOV) was isolated for the first time, and as an only 
known appearance, in November 1994, from wild chimpanzees presenting severe 
internal bleeding of the Taï Forest in Côte d’Ivoire, Africa. A researcher became 
infected when practicing a necropsy on one of these primates, he developed a den-
gue syndrome and survived. At that time, many dead chimpanzees were discovered 
and tested positive for Ebolavirus. However, the source of the virus was believed to 
be of infected western red colobus monkeys (Piliocolobus badius) upon which the 
chimpanzees preyed [10].

Bundibugyo ebolavirus (BDBV) was then discovered during an outbreak of 
Ebolavirus in the Bundibugyo District (Bundibugyo and Kikyo townships), on 
August 1st, 2007, in Western Uganda (Towner et al. [11]). BDBV second emerging 
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event was observed in the DRC in August 17, 2012 in Isiro, Pawa and Dungu, 
districts of the Province Orientale [11].

With the exception of REBOV in Philippines and CIEBOV in West Africa, all 
other EBOVs species emerged in the Central African region. Also, all EBOVs are 
known to emerged in the tropical rain forest during the inter-season between dry 
and rainy seasons. Also, REBOV appears to actively circulate in the tropical rain or 
moist deciduous forest of the Philippines [12].

2.2 From Central Africa to West Africa

2.2.1 Concurrent emergences of Ebolaviruses

On several occasions, concurrent emerging events of Ebolavirus have been 
observed. Indeed, such events occurred in places geographically distant, indepen-
dent, and unconnected. The Ebolavirus was isolated and the strains different, even 
they belonged to the same species of Ebolavirus, altogether in favor of a different 
origin from an elusive natural reservoir, thus eliminating the notion of leaping from 
one site to the other. In that matter, the following observations are a paradigm: From 
its inceptive emergence the Ebolavirus was identified in Sudan at the cotton factory 
and a few days later at Yambuku, Zaire. The Ebola Sudan and Ebola Zaire viruses 
emerged concurrently in 1976 in the Congo basin of Central Africa; More than 
20 years later the virus emerged and reemergence from 1994 to 1996 in a different 
places in Gabon, in a successive and timely overlapping events but in unconnected 
areas from where different strains of the same EBOVZ were isolated [13]; More 
recently, during the 2014–2016 dramatic Ebolavirus disease (EVD) emergence of in 
West Africa where the virus emerged in late December 2013 of a 18-month-old boy 
from the small village of Meliandou (Guéckédou district, South-Eastern Guinea) 
believed to have been infected by bats [14], concurrently, in August 2013, the 
Ebolavirus reemerged in the Equator province of DRC - different places and differ-
ent strain of ZEBOV [15].

It is remarkable that most of these emerging events occurred during or close to 
the end of the rainy season which generally stretches from August to October in the 
domain of the Congo basin tropical rain forest.

Altogether, these observations are in favor of environmental factors of emer-
gence favoring, when they occur synchronously in the same place, the spillover 
of the virus from its hidden natural cycle to an accidental and susceptible host. 
Therefore, these plural and concomitant emerging events play against the theory 
of Ebola virus diffusing in oil spot in Central Africa [16]. This original pattern of 
concurrent emergences could explain also the relative stability of the virus strains 
which remain for years in the same environment, and the interepidemic silences 
which require several fundamentals (i.e. concurrent risk factors) to be broken.

2.2.2 An unexpected broader domain of Ebolavirus circulation

The first evidence that showed that Ebola virus had previously circulated in 
areas without any known cases of disease came in 1977, near the Ebola outbreak 
in Tandala, DRC, just 200 miles west of the first known cases in 1976 [17]. Blood 
samples obtained from individuals in areas with no previous symptoms of Ebola 
were found to contain antibodies for Ebolavirus, indicating a previous or ongoing 
infection with that virus. Because subclinical illness is always a possibility with 
viral infections, the presence of these Ebolavirus-specific antibodies could only be 
explained by exposure to the virus, which is somewhat reasonable in an area that is 
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endemic to the disease. But how do we know the true endemic zone of a virus such 
as Ebolavirus?

Endemic zones are primarily based on where disease can most likely be 
expected, and are determined by historical accounts of disease, as well as supple-
mental information such as where animals or insects that might transmit the 
disease are located. With respect to the Ebola virus, outbreaks that occur in Central 
Africa, in or near the Congo River Basin, are expected; outbreaks that take place 
elsewhere are unexpected and can be problematic, as was the case for the 2014–2016 
West African outbreak. And yet, scientists have highlighted the presence of Ebola 
antibodies well outside the endemic zone for disease for decades.

In the early 1980’s, research based at the Pasteur Institute in Bangui, Central 
African Republic, demonstrated for the first time that the population of central 
Africa presented natural antibodies against the Ebolavirus strains of Zaire and 
Sudan [3, 4]. Research also showed for the first time that several mammal spe-
cies had Ebolavirus-reacting antibodies, including rodents, dogs, and others. 
Initially, the scientific community was skeptical of the findings, due to the type of 
antibody tests used, and because the prevalence of these antibodies was unbeliev-
ably dispersed and at a high level of prevalence. However, a 1989 follow-up study 
confirmed methodology and preliminary observations, and expanded the results 
to include similar observations in Cameroon, Chad, Gabon, and Republic of Congo 
(the latter two of these countries would have their first Ebola outbreaks in 1994 
and 2001, respectively) [5]. Moreover, such Ebolavirus antibody prevalence was 
found in West Africa (e.g. Senegal, Chad, Sierra Leone), preceding the catastrophic 
2014–2016 Ebolavirus outbreak [18]. Subsequent studies have determined that 
20–25% of persons living in or near the Congolese rain forest are seropositive for 
Ebola, despite never exhibiting symptoms [19].

Today, Ebola antibody prevalence is widely distributed across the African conti-
nent in the absence of severe clinical presentation and/or outbreak manifestation. A 
1989 study even found Ebola Zaire antibodies among people living in Madagascar, 
an island country that has never had a single known case of Ebola, and which has 
been geographically separated from continental Africa for 100 million years [20].

Risk mapping, including ecological and geographical distribution <10-13 cm/s 
first hour, and extended, highly sensitive and specific environmental and biogeo-
graphical models based on EBOVs susceptible mammalian biogeography in Africa, 
show a robust and precise potential distribution of EBOVs in Africa that clearly over-
lap the African tropical rain forest biome of the Guinea-Congo forests (including the 
Congo basin rain forest, and the Occidental relic of the Congolese rain forest spread-
ing from Guinea to Ghana) and the southern band of the Sudan-Guinea Savanna [21].

Also, as a result of potential Ebolavirus (or Ebolavirus antigen) exposure, 
serological markers have been found in vertebrates outside of Africa. With the 
exception of Philippines, where REBOV is known to circulate in monkeys and 
pigs, thus showing its ability to infect multiple animal species, in several instances 
serological evidence of Ebolavirus exposure has been detected in many vertebrates, 
particularly chiropterans [9]. Definitely, bat populations in Bangladesh and China 
present antibodies against ZEBOV and REBOV proteins [22, 23]. Ultimately, it 
appears that EBOVs are widely distributed throughout Africa, West and Central, 
and Asia. Moreover, risk mapping of filovirus ecologic niches suggests potential 
areas of EBOVs distribution in Southeast Asia [24].

The unexpected detection of REBOV first in Virginia, for the reason we know, 
and then the astonishing discovery of its circulation and natural cycle in the 
Philippines gave a rethinking of the entire family of Ebola viruses previously known 
mainly on the African continent [25].
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endemic to the disease. But how do we know the true endemic zone of a virus such 
as Ebolavirus?

Endemic zones are primarily based on where disease can most likely be 
expected, and are determined by historical accounts of disease, as well as supple-
mental information such as where animals or insects that might transmit the 
disease are located. With respect to the Ebola virus, outbreaks that occur in Central 
Africa, in or near the Congo River Basin, are expected; outbreaks that take place 
elsewhere are unexpected and can be problematic, as was the case for the 2014–2016 
West African outbreak. And yet, scientists have highlighted the presence of Ebola 
antibodies well outside the endemic zone for disease for decades.

In the early 1980’s, research based at the Pasteur Institute in Bangui, Central 
African Republic, demonstrated for the first time that the population of central 
Africa presented natural antibodies against the Ebolavirus strains of Zaire and 
Sudan [3, 4]. Research also showed for the first time that several mammal spe-
cies had Ebolavirus-reacting antibodies, including rodents, dogs, and others. 
Initially, the scientific community was skeptical of the findings, due to the type of 
antibody tests used, and because the prevalence of these antibodies was unbeliev-
ably dispersed and at a high level of prevalence. However, a 1989 follow-up study 
confirmed methodology and preliminary observations, and expanded the results 
to include similar observations in Cameroon, Chad, Gabon, and Republic of Congo 
(the latter two of these countries would have their first Ebola outbreaks in 1994 
and 2001, respectively) [5]. Moreover, such Ebolavirus antibody prevalence was 
found in West Africa (e.g. Senegal, Chad, Sierra Leone), preceding the catastrophic 
2014–2016 Ebolavirus outbreak [18]. Subsequent studies have determined that 
20–25% of persons living in or near the Congolese rain forest are seropositive for 
Ebola, despite never exhibiting symptoms [19].

Today, Ebola antibody prevalence is widely distributed across the African conti-
nent in the absence of severe clinical presentation and/or outbreak manifestation. A 
1989 study even found Ebola Zaire antibodies among people living in Madagascar, 
an island country that has never had a single known case of Ebola, and which has 
been geographically separated from continental Africa for 100 million years [20].

Risk mapping, including ecological and geographical distribution <10-13 cm/s 
first hour, and extended, highly sensitive and specific environmental and biogeo-
graphical models based on EBOVs susceptible mammalian biogeography in Africa, 
show a robust and precise potential distribution of EBOVs in Africa that clearly over-
lap the African tropical rain forest biome of the Guinea-Congo forests (including the 
Congo basin rain forest, and the Occidental relic of the Congolese rain forest spread-
ing from Guinea to Ghana) and the southern band of the Sudan-Guinea Savanna [21].

Also, as a result of potential Ebolavirus (or Ebolavirus antigen) exposure, 
serological markers have been found in vertebrates outside of Africa. With the 
exception of Philippines, where REBOV is known to circulate in monkeys and 
pigs, thus showing its ability to infect multiple animal species, in several instances 
serological evidence of Ebolavirus exposure has been detected in many vertebrates, 
particularly chiropterans [9]. Definitely, bat populations in Bangladesh and China 
present antibodies against ZEBOV and REBOV proteins [22, 23]. Ultimately, it 
appears that EBOVs are widely distributed throughout Africa, West and Central, 
and Asia. Moreover, risk mapping of filovirus ecologic niches suggests potential 
areas of EBOVs distribution in Southeast Asia [24].

The unexpected detection of REBOV first in Virginia, for the reason we know, 
and then the astonishing discovery of its circulation and natural cycle in the 
Philippines gave a rethinking of the entire family of Ebola viruses previously known 
mainly on the African continent [25].
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From these observation and facts, the potential circulation of EBOVs in its 
natural cycle appears much wider than expected, while the emerging events we can 
witness appears to be only a tip of the iceberg in the wide Congolese tropical rain 
forest.

2.3 From the index case to the epidemic chain, outbreak, and pandemic

The fundamentals of emergence are changing in the heart of the rainforest and 
elsewhere: changing times, when the means of transmission switch from foot to 
motorbike, when knowledge conveyance has switched from paper reporting to the 
internet.

Let us examine the risk of expansion for Ebolavirus. Indeed, the factors of trans-
mission of the virus to man and man to man are essential to take into account in this 
context. Moreover, it is extremely important to note that these factors are subject 
to permanent changes in societies whose trade and means of communication are 
drastically changing as a result of health systems, responses and preparedness for 
epidemics at national and international levels, policies, and the economy.

So, with the experience gained for more than 40 years, the strategies of struggle 
are clearly defined, but the societal changes that are taking place make their appli-
cation difficult and sometimes impossible (e.g., the 2019 outbreak in the DRC, 
where political institutions have prevented an adapted response). Situation and the 
epidemic are perpetuated.

There is also a growing means of communication, both smartphones and motor-
ized transport, to travel more quickly as ever, between the epidemic zone of EVD 
and the family [26].

Thus, during the emergence of the Ebola virus in West Africa, all of this means 
of communication played a fundamental role in the regional spread of the epidemic, 
until it became a pandemic risk when the virus was exported to other countries of 
the African continent and, outside Africa in Europe and North America [27].

3.  A strange iteration of epidemic events with unexplained virus 
disappearance

It is known for several other transmitted viruses that during the inter-epidemic 
silences several factors can be responsible. In general mass herd immunity (natural 
of due to acquired immunization i.e. vaccine) of the permissive hosts force the virus 
in its natural cycle without apparent clinical manifestation in the hosts (e.g. Most 
by the arbovirus classically yellow fever, Dengue, Japanese encephalitis, West Nile, 
Zika etc.).

The Paramyxoviridae and Rhabdoviridae are the two other viral families in the 
order Mononegavirales, genetically closely related to the Filoviridae and having 
chiropteran as reservoir and/or vector [28]. Indeed, it is interesting to note that 
megachiropteran fruit bats are reservoirs of Hendra and Nipah viruses of the 
Paramyxoviridae family [29]. When, Microchiroptera bats are the probable ances-
tors of all rabies virus variants of the Lyssavirus genus in the family Rhabdoviridae 
and infecting presently terrestrial mammals [30]. Both also present this cryptic 
interepidemic silences that has not been yet clearly understood. The Nipah emerged 
one time in Malaysia (1999), thought to have its original cycle in PNG, and 
ultimately reemerged more than 3500 km away in Bangladesh in 2001. From its 
inception, again the Marburgvirus (the closest to EBOVs in the family of Filovirus), 
emerging events from an expected natural foci occurred within the path of time 
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including 4 to 11 years of inter-epidemic silences occurring mostly in distant sites of 
Eastern and South Africa (Uganda, Zimbabwe, Angola, Kenya).

If one were to describe the history of Ebola outbreaks, one could simply con-
struct a timeline, with a point on the line for each outbreak. You could create this 
timeline with a varying number of points, depending on your methodology, but 
regardless of how you built your timeline, there would be spaces between these 
points. This is due to the nature of Ebola; it appears, it disappears, and it appears 
again. To the Ebola virus, these gaps are periods of convalescence. To us, they 
are periods of absence and mystery, and one of these gaps stands out as the most 
mysterious (Figure 1).

The CDC lists five Ebola outbreaks in the late 1970’s. The “first” Ebola outbreak 
took place in 1976, though we now recognize the event as two simultaneous and 
separate outbreaks. Between June and November 1976, 284 cases (151 deaths) of 
Ebola Sudan occurred near what is now Nzara, South Sudan; between September 
and October 1976, 318 cases (280 deaths) of Ebola Zaire occurred near what is now 
Yambuku, Democratic Republic of Congo (DRC). In November 1976, a researcher 
in England that was working with samples from the Nzara outbreak accidentally 
infected himself; CDC lists this accident as the third Ebola outbreak (the indi-
vidual recovered). In June 1977, a child became sick and died from Ebola Zaire 
in Tandala, DRC though there was only one confirmed case, subsequent epide-
miological investigations of the area uncovered several other historical, probable 
cases. Finally, between July and October 1979, 34 cases (22 deaths) of Ebola Sudan 
occurred, unbelievably, in Nzara, Sudan – the same community where the first 
cases of Ebola emerged just 3 years prior. In the span of just 39 months, the terror 
of Ebola had introduced itself to the world five times (638 cases, 454 deaths) and 
then… silence.

Ebola would not reappear for 10 whole years, and even then, the subtype 
was Ebola Reston, which we now know does not affect humans. Though CDC 
lists four Ebola Reston outbreaks between 1989 and 1992, the world would not see 
another case of Ebola virus disease in humans until late-1994, in Gabon. Even then, 
the outbreak (52 cases, 31 deaths) was mischaracterized as yellow fever for several 
months. Perhaps the virus’s long absence from the spotlight had removed it from the 
collective consciousness in 1994, certainly in the presence of those pathogens that 
had been circulating and consuming our attention in the meantime.

This fifteen-year disappearance of Ebola, particularly in light of its frequent 
and severe outbreaks in the late 1970’s, has perplexed researchers for decades. 

Figure 1. 
Timeline of Ebolavirus emergence. Emerging events (bars) red = EBOV; blue = SEBOV; green = BDBV; 
horizontal axis = years 1972–2018; vertical axis = no value. Numbers above brackets = years of silent inter-
emerging event.
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took place in 1976, though we now recognize the event as two simultaneous and 
separate outbreaks. Between June and November 1976, 284 cases (151 deaths) of 
Ebola Sudan occurred near what is now Nzara, South Sudan; between September 
and October 1976, 318 cases (280 deaths) of Ebola Zaire occurred near what is now 
Yambuku, Democratic Republic of Congo (DRC). In November 1976, a researcher 
in England that was working with samples from the Nzara outbreak accidentally 
infected himself; CDC lists this accident as the third Ebola outbreak (the indi-
vidual recovered). In June 1977, a child became sick and died from Ebola Zaire 
in Tandala, DRC though there was only one confirmed case, subsequent epide-
miological investigations of the area uncovered several other historical, probable 
cases. Finally, between July and October 1979, 34 cases (22 deaths) of Ebola Sudan 
occurred, unbelievably, in Nzara, Sudan – the same community where the first 
cases of Ebola emerged just 3 years prior. In the span of just 39 months, the terror 
of Ebola had introduced itself to the world five times (638 cases, 454 deaths) and 
then… silence.

Ebola would not reappear for 10 whole years, and even then, the subtype 
was Ebola Reston, which we now know does not affect humans. Though CDC 
lists four Ebola Reston outbreaks between 1989 and 1992, the world would not see 
another case of Ebola virus disease in humans until late-1994, in Gabon. Even then, 
the outbreak (52 cases, 31 deaths) was mischaracterized as yellow fever for several 
months. Perhaps the virus’s long absence from the spotlight had removed it from the 
collective consciousness in 1994, certainly in the presence of those pathogens that 
had been circulating and consuming our attention in the meantime.

This fifteen-year disappearance of Ebola, particularly in light of its frequent 
and severe outbreaks in the late 1970’s, has perplexed researchers for decades. 
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The mystery lay, to some extent, within the lack of complete knowledge of the 
virus reservoir, though scientists are now having their long-held suspicions in 
bats confirmed. It’s hard to detect disease when you cannot pinpoint the source. 
Surveillance and reporting have been another confounding element. How many 
times in that fifteen-year period was an illness misdiagnosed as yellow fever, dengue 
hemorrhagic fever, or some other similar illness, because of lack of knowledge or 
diagnostic capabilities, or simply because there was no health care around? We 
will probably never be able to answer this question. Finally, our perceived zone of 
endemicity at the time was limited to northern DRC and southern Sudan. Was the 
virus appearing elsewhere, unbeknownst to us? We certainly were not expecting it 
to emerge in Gabon in 1994, and Uganda in 2000, and West Africa in 2014 [31].

Scientists today continue to be perplexed by the emergence of the virus. What 
brings Ebola out from its hiding place? Is its emergence/re-emergence tied to cli-
mate change? globalization? the changing interface between humans and wildlife? 
If it has to do with any of these increasingly significant factors, how do they explain 
the fifteen-year disappearance?

These days, the virus comes and goes with some predictability—since 2000, out-
breaks have approached a near-annual incidence, sometimes skipping a year, some-
times lasting more than a year. The periods between outbreaks are growing shorter. Is 
this because our capability to detect Ebola outbreaks is improving, or is the virus able 
to infect humans more frequently? One thing is for sure: the world knows that when 
one outbreak ends, another will eventually follow, and we need not wait 15 years.

4. Toward the discovery of the natural cycle of the Ebolaviruses

4.1 The discovery of a putative natural reservoir of Ebolavirus

Since the ZEBOV and SEBOV emergence, extended field studies have been 
conducted to discover the reservoir of EBOVs [32] including the 1976 first recorded 
DRC outbreaks and Sudan, the 1979 outbreak in DRC in 1979 and 1995 following 
the Kikwit outbreak, the same year in the Tai Forest and in 1999 in the Central 
African Republic [33–38] . A total of more than 7000 vertebrates and 30,000 
invertebrates were sampled and tested for the presence of EBOVs. Limited finding 
was inconclusive for an potential EBOVs reservoir status among all these animals. 
Moreover, while several animal species (Bats, birds, reptiles, mollusks, arthropods, 
and plants) were experimentally infected with ZEBOV, only two fruit bat species 
(Epomophorus spp. and Tadarida spp.) developed a subclinical transient viremia 
[39]. If these results were not confirmed in the natural settings, they indicated the 
potential for chiropteran to be natural for EBOVs [40].

Also, historically, the first documented case of EVD in Sudan in 1976, the index 
case was located (by the World Health Organization) in a cotton factory far from 
the forest block, where the only wild significantly abundant species was an insec-
tivorous bat species [21].

Since the discovery of EBOV in 1976, more than half of the epidemic outbreaks 
caused by EBOVs have broken down between Gabon and the DRC. Following the 
successive EBOV outbreaks in Gabon from 1995 to 2001 affecting several animal 
species non-human primates, and wild ungulates and responsible of the dramatic 
decline of great apes (gorilla and chimpanzee) populations in the region (Leroy 
et al. [16]), researchers engaged several missions of captures of wild animals in the 
forest areas affected by the recent past epidemics. Also, 1030 animals were captured 
and analyzed, only three species of fruit bats were found infected with the ZEBOV 
by PCR including: Hypsignathus monstrosus; Epomops franqueti; and Myonycteris 
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torquata. Moreover, antibody reacting anti-Ebola were detected in these species as 
well as for the genus Myonycteris spp. leading ultimately to design Chiropteran as a 
potential reservoir of EBOVs [41].

Since then, many studies have converged in favor of the role of chiropters in 
maintaining EBOV in the wild (Caron et al. [42], Leendertz). In addition, a recent 
study of bats in Sierra Leone showed the association of an EBOV like with several 
species of bats (Mops condylurus and Chaerephon pumilus) from the Molossus family 
[43]. Moreover, a potential direct exposure to Ebola infected fruit bats was also 
reported as a putative index case of large epidemics [44, 45]. Moreover, further 
studies reported on direct infection of natural hosts (primates) by EBOV infected 
bats as highly plausible, given that bats, especially fruit bats, are frequently hunted 
and consumed as bushmeat by human when Cercopithecus species hunt roosting bats 
for consumption [46] also preying on bats has been reported in Cercopithecus asca-
nius and C. mitis (East Africa) as well as bonobos (DRC) [47]. It is also possible that 
different modes of exposure to Ebola virus could lead to different antibody profiles, 
that is, contaminated fruit vs. contact with infected bats during hunting [44, 47, 48].

Altogether, several fruit bats (Epomophorus wahlbergi) and insectivorous bats 
(Chaerephon pumilus, Mops condylurus) experimentally survive to EBOV infections 
[39], EBOV RNA and/or anti EBOV reacting antibodies were detected also in several 
other fruit bat species (Epomops franqueti, Hypsignathus monstrosus, Myonycteris tor-
quata, Eidolon helvum, Epomophorus gambianus, Micropteropus pusillus, Mops condylu-
rus, Rousettus aegyptiacus, Rousettus leschenaultia) giving more insight of the potential 
for chiropteran to be a potential host or reservoir host of EBOVs [22, 49, 50].

Interestingly, REBOV was also found associated with the bats in its natural 
habitat of the Philippines [51]. Also, again in this same Filoviridae family, Marburg 
viruses in Africa are clearly associated with bats [32, 52] as well as the Cueva virus 
in Europe [53]. While REBOV has been find associated with fruit bats, Roussetus 
spp. (Pteropodid family), each filovirus genus is associated with a specific chirop-
teran group including: Marburgvirus with a specific fruit bat, Roussetus aegyptiacus 
(Pteropodid family); and Cuevavirus with insectivorous bat, Miniopterus schreibersii 
(Miniopterid family); except for Thamnovirus isolated form fresh water fish.

Moreover, several virus groups are known to hold bat-borne viruses including 
the coronaviruses, hantaviruses, lyssaviruses, lassa virus, Henipavirus, filovirus 
which are among the most severe of the emerging viruses [54, 55].

Conclusively, this was the first evidence of chiropteran as a potential reservoir 
and/or vector of EBOV, while several wild animals, in particular great apes were 
find highly sensitive to EBOV infection. Also, if several species of chiropteran have 
been identified as a potential virus reservoir,

4.2 The most complete figure of a putative Ebolavirus natural cycle in the central 
African raining forest

From all above observations, records and historical events of EBOVs emerging 
events, several fundamentals of emergence have been identified as well putative time 
and space of such events where, that is when the virus jump from the cryptic natural 
cycle of the reservoir-vector to manifest itself clearly as an open index case of infec-
tion in a susceptible host and the potential opening epizootic or epidemic chain.

4.2.1 The actors

Again, from the literature numerous vertebrates appears to be permissive to 
infection by EBOVs, however, due to their ethology, including environmental hab-
its, societal structure, density and their ability of intra and interspecies to mingle. 
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Altogether primates appear highly susceptible to EBOVs infection including non-
human primate apes, gorilla and chimpanzee, but also cercopithecids (e.g. colobus) 
but also small wild ungulates (e.g. forest duikers) and eventually domestic animals 
(e.g. dogs) [32, 56–58].

One can summarize that EBOVs natural hosts belongs to chiropteran as a 
potential host reservoir represented mostly by Pteropodidae in Africa (REBOV and 
Roussetus; Bombali virus and Molossidae), and as secondary natural or accidental 
wild and domestic hosts including several other mammals: primates (Colobus, 
Cercopithecus), non-human primates (Gorilla, chimpanzee), wild ungulates (dui-
kers) and, human primates. Also this needs to be taken into account with respect 
to other permissive species to EBOVs, indeed, as an example, if Roussetus spp. was 
shown to carry EBOVs reacting antibodies more recently R. aegyptiacus bats were 
demonstrated to unlikely able to maintain and perpetuate EBOV in nature while the 
natural transmission of filovirus in R. aegyptiacus, resulting viral replication and 
shedding are unknown [59].

4.2.2 The stages

The African Rain forest of the Congolese basin appears to be the epicenter of 
EBOVs emerging events. More than 80% of the emerging events of EBOVs occurred 
in the Tropical zone under the influence of the (Intertropical converging zone, 
ITCZ) from five degree North to 5 degrees south and oscillating as much as 40 to 
45° of latitude north or south of the equator based on the pattern of land and ocean 
beneath it [28] (Figure 2).

Temperature and precipitation data for Africa (average data computed from 
1960 to 1990, 300 m resolution [HIJ 05]) were integrated with the distribution map 
of the emergent events of the Ebola virus and the values   calculated for each of the 
emergence points [60].

On all emergence points, the temperature at the time of emergence is not signifi-
cantly different from the average annual temperature over 30 years. The difference 
in temperature between the moment of emergence and the average temperature (of 
30 years monthly average) of the hottest month does not show any difference either. 
Emergence would not be directly related to temperature.

When we compare Ebolavirus emerging events time and the rainfall, there is 
strict quantitative correlation between rainfall and emergence: Most of the emer-
gent events (93.8%) occurred during the rainy season (Figure 2). For precipitation 
values, there is a slightly statistically significant (p = 0.02) positive difference 
between the average precipitation of the month of emergence and the average of 
the monthly average precipitation (over 30 years), indicating that precipitations 
are higher when emergences occur. There is an even more statistically significant 
(p = 0.003) positive difference when considering precipitation of the month pre-
ceding the emergence. Emergence is therefore likely to be associated with rainfall 
intensity and the rainy season. 10/32 emergences occur at the beginning of the rainy 
season, 9/32 in the middle, and 11/32 at the end. Only 2/32 emergences occurred in 
the dry season.

When referring to land use (Figure 3) the temperature at the 6 emergence 
points in “Cropland” is highly significantly less (p = 0.005) than 15% (21.6°C) at 
temperature (24.4°C) to the 9 points in “Tree cover, broadleaved, evergreen, closed 
to open”, however the average temperature of the Cropland (21.6°) is to a degree 
less, significantly lower (p = 0.01) than that of the “Tree cover” (24.5°C).

Ultimately, taking into account these environmental factors, when we look 
for an association between the emergent events of the Ebola virus and the 
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Figure 3. 
Environmental factors surrounding Ebolavirus emerging event: Land use and places of Ebola virus emergence 
in Africa from 1976 to 2014. Land use from ESA 2015, 300 m resolution; red circle = putative place of the Ebola 
virus emergence (index case). Estimated Ebola emergence places are superimposed on the land use layer. The 
identification of the land use types were 32 points (red circle) representing the putative places of Ebolavirus 
emergence are superimposed and are distributed as follows: (1) cropland: 6, (2) herbaceous cover: 5, (3) 
cropland mosaic: 5 (> 50% natural vegetation vs. <50% tree, shrub, herbaceous cover), (4) tree cover with: (a) 
15% of broadleaved, evergreen, closed to open: 9, (b) 15–40% of broadleaved, deciduous, open: 2, (5) flooded, 
fresh or brackish water: 1, (6) urban areas: 3, and (7) water bodies: 1. The limitations of this interpretation 
are linked to the accuracy of the location of Ebolavirus emergence sites ( from literature and reports) and,  
to the evolution of vegetation cover over the past decades since the first emergence of the Ebolavirus occurred  
in Africa.

Figure 2. 
Emerging events of Ebolavirus and climate since the Ebola fever inception in Africa. Left = annual rainfall; 
right = annual temperature. To illustrate the association temperature/rainfall and emergence, the month of 
May was chosen because it is at this time of the year that we observe the most emergent events of the Ebola 
virus. Temperature and rainfall are expressed as an annual average for the period under consideration. 
The precise location of 32 Ebola emergent events are here integrated into the global climatic map of Africa. 
Only 30-year average values per month of rainfall are available for the study period (ref.: WorldClim world 
databases) as well for the average monthly temperature.
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characteristics of the places of these emergences (i.e. land use, temperature, 
rainfall) it turns out that the emergences are always in the zone of heavy rainfall, 
but nevertheless do not follow the moving of the rainy season. Moreover, these 
emergences remain always and remarkably close enough to the Equator, therefore 
in the equatorial forest area with a high hygrometry, and a moderate annual tem-
perature. However, the temperature at the time of emergence is not significantly 
different from the average annual temperature (at the points of emergence) which 
does not allow to distinguish seasonal effect in the emergence-temperature rela-
tionship. Conclusively, we did not identify a seasonality associated with the time 
of emergence, however the emerging events occur in specific geographic zone 
characterized by several environmental factors. Finally, the emergence zones are in 
areas of Land Use with specific temperatures not related to seasonality. Ultimately, 
it is also remarkable that all these emerging events occurred in an area with a highly 
potential presence of apes, virus-sensitive hosts.

4.2.3  Fundamentals and domains of emergence: a theory for a natural cycle of 
EBOVs in Africa

Also, the EBOVs species are closely genetically related, their seems to occur 
by foci in nature. The host appears to be the same, natural or accidental, and the 
transmission done by direct contact with infected hosts or its biological products 
[50, 61]. Altogether, in the early 2000s, before the identification of chiropteran as 
a potential host-reservoir of the EBOVs, a hypothetic natural cycle was described 
empirically based on seasonal environmental climatic factors [55]. Then, taking 
into account bats as a potential reservoir-host, the question of virus transmission 
was central to consider while environmental factors appears to play a major role 
to the host and their natural cycle (Chiropteran physiology) (climate/fructifica-
tion, chorology, bats physiology). Several factors of emergence were then listed 
including: Chronic infection, infected organs, virus shedding, close encounters 
between reservoir and susceptible hosts, food and water resource, seasonality, 
chorology (i.e. causal effect between geographical phenomena – season) in the 
tropical rain forest and the spatial distribution of chiropteran (i.e. index site of 
Ebola emerging events).

Epidemiological field surveys indicate that mass mortalities of apes and monkey 
species due to Ebola virus often appear at the end of the dry season, a period when 
food resources are scarce. Restricted access to a limited number of fruit-bearing 
trees can lead to spatiotemporal clustering of diverse species of frugivorous ani-
mals, such as bats, nonhuman primates, and other terrestrial species foraging on 
fallen partially eaten (by bats) fruits. These aggregates of wild animal species favor 
the contact between infected and susceptible individuals and promote virus trans-
mission. The dry season aggregation of reservoir host species involved in natural 
maintenance cycles, augmented by incidentally infected secondary hosts serving 
as sources for intra- and interspecific transmission chains independent of repeated 
spillover from the reservoir host, provides an ecological setting for amplifying 
enzootic transmission of Ebola virus when a vertebrate hosts are concentrated 
around a scarce number of water sources [62].

In addition to this dietary impoverishment, there are behavioral and physiologi-
cal events occurring among bats during the tropical dry favor the contact frequency 
and intimacy between bats, which can promote transmission of Ebola virus to oth-
ers and increase R0. As an example, megachiropteran fruit bats breeding activities 
and intraspecific competitions between males and grouped kidding of females favor 
the contact between individuals. Moreover, pregnancy can involve physiological 
changes among female bats that alter immune functions and eventually favor virus 
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shedding. Parturition among the African megachiropteran bats occurs throughout 
the year, although seasonal peaks provide birthing fluids, blood, and placental 
tissues, potentially Ebolavirus infected, falling on the ground as a medium highly 

Figure 4. 
(A) Understanding Ebolavirus enzootic and epidemics. Red arrows = cycles of transmission; dashed square = a 
putative natural cycle of Ebolavirus in Central Africa (see B). Fruit bats are considered to be a putative reservoir 
of Ebola virus in Central Africa after 2004; In 2009, several non-human primate epizootic are reported; 1976 
was the first emerging events and subsequent epidemic chains in remote area of the rain forest and close by; 2012 
showed a dramatic spread of the virus associated with motorized transportation and ground network; In 2014 
urban epidemics are reported as well as a pandemic risk and become an international public health emergency. 
(B) Putative natural cycle of Ebolavirus in Central Africa. Red arrow indicates Ebolavirus transmission. 
Numbered red circle of transmission: (1) sylvatic inter- and intra-species transmission; (2) chiropteran 
migration; (3) chiropter to primate (close contact of dejection); (4) primate inter species (Cercopithecus/
chimpanzee); (5) primate to primate (non-human primates); (6) non-human primate epizootic (gorillas); (7) 
chiropter to duikers; and (8) consumption of chiropteran infected food by shrew or wild pig.
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attractive and readily available to scavenging terrestrial mammals [50, 56, 63] 
(Figure 4A and B).

5. If we had to conclude

Based on historical data and observations, the presented hypothesis of the natu-
ral cycle of Ebolavirus emergence prevail an inter-species spillover as the complex 
natural cycle involving several hosts (reservoir, vector, amplifier), as well as biotic 
and abiotic factors in a changing environment among other original features.

Although the natural cycle of EBOVs remains in the darkness of the rain forest, 
strong findings and comparative analysis of close parents of the filovirus throw 
some light to a potential natural cycle of EBOVs in Africa. EBOVs clearly appear 
linked to chiropteran and dependent for merging events in the environmental 
factors. Indeed, it appears that filoviridae are often associated with chiropteran 
while the emergence of the virus strains occurs as a sparse focus with a silent period 
of cryptic virus circulation. When virus transmission, i.e. spillover, from a hidden 
natural cycle, to accidental hosts occurs, it happened in a specific time-frame often 
linked to the season.

One can retain is that the EBOVs complex natural cycle is yet not on entirely 
elucidated and certainly dependent on environmental factors – associated with a 
specific environment of the chiropteran species incriminated (i.e. Different terri-
tories, different cycle) - leading to multiple, sometime concurrent, temporally and 
timely emergence in focus.

Although, other hypothesis has been suggested elsewhere including the Ebola 
virus Disease as an arthropod borne disease among others [42], there is important 
fundamental matters to consider as well before providing more.

However, beyond these hypotheses, fundamental questions subsist in order to 
go further learn. We can cite in particular the mystery of kin between the Reston 
virus of Asia and the Ebola viruses of Africa, would there not be a missing link in a 
geographic area yet to discover. Do the filovirus exist in the Americas hidden in the 
darkness of the tropical forest? Also, the Ebolavirus seems genetically stable, related 
to particular species of chiropter, was it to think about a co-evolution of the host 
and the virus in this closed environment of the forest of the tropical? Today, with 
the endless epidemic unfolding in the DRC, should we revisit our tools and strategy 
of struggle in an ever-changing world? [64].
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to particular species of chiropter, was it to think about a co-evolution of the host 
and the virus in this closed environment of the forest of the tropical? Today, with 
the endless epidemic unfolding in the DRC, should we revisit our tools and strategy 
of struggle in an ever-changing world? [64].
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Chapter 3

Maternal Filovirus Infection and 
Death from Marburg and Ravn 
Viruses: Highly Lethal to Pregnant 
Women and Their Fetuses Similar 
to Ebola Virus
David A. Schwartz

Abstract

Ebola virus and the marburgviruses are distinct filoviruses that share common 
clinical presentations and clinical management protocols. However, the marburg-
viruses are not as well known as is their close relative, Ebola virus, and are a much 
less frequent cause of human outbreaks. Marburg virus disease (MVD) is caused 
by two marburgviruses that are clinically indistinguishable—Marburg virus and 
Ravn virus. There is scant information available concerning MVD in pregnancy, 
but it appears clear that, similar to Ebola virus, MVD infection is associated with 
an extremely high maternal and fetal mortality rate. This chapter will examine 
what is known about Marburg and Ravn virus infections in pregnant women, their 
clinical outcomes, and the pathogenesis of MVD in experimental animal models of 
infection. These data will be compared with the more comprehensive information 
available regarding Ebola virus disease in pregnancy including its effects on preg-
nant women and the fetus.

Keywords: Ebola virus, Marburg virus, Ravn virus, pregnancy, maternal death,  
fetal death, filovirus, maternal infection, hemorrhagic fever, maternal mortality, 
maternal morbidity, fetal mortality, West African Ebola epidemic, epidemiology

1. Introduction

The Ebola and Marburg viruses are distinct filoviruses that share common 
clinical presentations and clinical management protocols. However, the Marburg 
virus is not as well-known as its relative, the Ebola virus. The largest Ebola epidemic 
in history occurred in West Africa from 2013 to 2015 in which 28,616 persons were 
reported to be infected. Following a small outbreak of 54 probable and confirmed 
cases in the Équateur Province of the Democratic Republic of the Congo (DRC) 
from May to June 2018, a second and larger epidemic has occurred in the Kivu and 
North Ituri Provinces since August 2018 [1]. This epidemic has infected 2592 per-
sons as of July 2019 and is the second largest Ebola epidemic in history. In contrast 
to the Ebola virus, Marburg virus disease (MVD) occurs much less frequently. MVD 
is caused by two marburgviruses that are clinically indistinguishable—the Marburg 
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virus (MARV) and Ravn virus (RAVV). Including occurrences of MVD in less than 
5 persons, there have been 13 outbreaks of MVD, with the largest reported from 
DRC between 1998 and 2000 (154 persons infected) and in Angola between 2004 
and 2005 (252 persons infected) [2]. As can be seen, the scale of MVD outbreaks 
has been much less than those of its filovirus relative Ebola virus.

2. The marburgviruses

The marburgviruses are single-stranded RNA viruses belonging to the fam-
ily Filoviridae, which also includes the Ebolavirus genus. The genus Marburgvirus 
comprises a single species, Marburg marburgvirus, that includes two variants - the 
Marburg virus (MARV) and the Ravn virus (RAVV) [3, 4]. Similar to other members 
of the family Filoviridae, marburgvirions have a filamentous configuration that 
appears by electron microscopy to resemble a shepherd’s crook, or in the shape of a 
“U” or a “6”; coiled, toroid, or branched forms can be seen (Figure 1). The marburg-
viruses cause a severe viral illness in humans termed Marburg virus disease, or MVD 
(formerly termed Marburg hemorrhagic fever). Illness due to the marburgviruses is 
clinically indistinguishable from Ebola virus disease (EVD). Although Marburg virus 
disease and Ebola virus disease have historically been labeled as hemorrhagic fevers, 
hemorrhage is found in less than 50% of patients [5]. According to some authors, 
they may be considered as gastrointestinal diseases that develop severe systemic 
organ involvement including hemorrhages [6]. After an incubation period that varies 
between 4 and 10 days, infected individuals abruptly develop flu-like symptoms 
characterized by fever, chills, malaise, and myalgia. This is followed by signs and 
symptoms indicating systemic involvement, including prostration and gastrointesti-
nal symptoms (anorexia, nausea, vomiting, abdominal pain, and diarrhea), respira-
tory complaints (chest pain, shortness of breath, and cough), vascular findings 
(conjunctival injection, postural hypotension, and edema), and neurological symp-
toms (headache, confusion, and coma). The typical hemorrhagic manifestations of 

Figure 1. 
Transmission electron micrograph demonstrating the typical filovirus morphology of Marburg virus. This 
specimen was obtained from an infected person who acquired the infection in 1975 while traveling through 
Rhodesia (now Zimbabwe). Photograph courtesy of the US Centers for Disease Control and Prevention, 
Atlanta, USA.
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MVD include purpura, ecchymoses, petechiae, maculopapular rash, and hematomas, 
with death rapidly ensuing as a result of multiple organ dysfunction syndrome 
(MODS) and disseminated intravascular coagulation (DIC), hypotension, fluid 
redistribution, and focal tissue necrosis. MVD (and EVD) can be confused with 
other infectious diseases occurring in Equatorial Africa including other hemorrhagic 
fevers, falciparum malaria, rickettsial diseases, typhoid fever, and more.

3. Epidemiology of Marburg virus disease

The majority of cases of primary MVD acquired in Africa have been associated 
with persons visiting caves or working in mines, locations where bats are common. 
Egyptian fruit bats (rousette bats, Rousettus aegyptiacus) (Figure 2) have been 
found to represent a major natural reservoir and source of marburgviruses [7]; the 
bats do not develop illness from the virus. Infected Egyptian rousette bats may shed 
marburgviruses in their saliva, urine, and feces as they feed on fruit which can then 
be transmitted to humans. Direct contact with infected bats can also transmit the 
virus, such as through bites. In December 2018 it was disclosed that five Egyptian 
rousette bats tested positive for Marburg virus in Sierra Leone—the first time 
that the virus was identified in West Africa [8]. Two of the four strains identified 
among the five Marburg-positive bats in Sierra Leone have genetic similarity to 
the strain of MARV that caused the MVD outbreak in Angola. This was the first 
time scientists detected these Angolan strains in bats [9]. Another risk factor for 
acquiring MVD is physical contact with nonhuman primates, although there has 
been just one outbreak of MVD, in 1967, that resulted from contact with infected 
monkeys. Transmission of the virus can also occur by handling ill or dead infected 
wild animals. Mathematical models of the potential geographic distribution of the 
marburgviruses have indicated that the potential range of the virus includes a broad 
distribution across the arid woodlands of Equatorial Africa, with possible distribu-
tion through eastern and southern Africa as well [10].

Figure 2. 
An Egyptian fruit bat (Rousettus aegyptiacus) clings to pieces of orange at the Cotswold Wildlife Park, 
England. Photograph from Adrian Pingstone and Wikipedia.
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The marburgviruses are transmitted from person-to-person through direct and 
unprotected contact with blood, body fluids, and tissues of infected persons. Risk 
factors for acquiring secondary MVD include close contact with severely ill patients 
or their body fluids in the acute phase of the disease, either at home or in a hospital, 
thus placing caregivers at risk for acquiring the infection. In addition, unsafe burial 
practices are common routes of infection. These are the identical mechanisms for 
transmission for Ebola virus. MVD has not been reported to be transmitted via the 
aerosol route. Women who are pregnant and infected with either marburgviruses 
or Ebola virus can be especially infectious—the placenta has a high viral load, and 
maternal blood, vaginal secretions, amniotic fluid, urine, sweat, saliva, feces, 
vomit, and breast milk are all potential sources of virus [11]. Products of concep-
tion as occur in miscarriages can also be infectious, as can fetal tissues.

Based upon the history of primary MVD infection occurring in association with 
exposure to bat-infested caves and mines and additional environmental and occupa-
tional risk factors for acquiring the infection, it appears unlikely that Marburg virus 
infection of a pregnant woman would occur as the index case of an outbreak. Thus, 
unlike the situation of some viral infections (notably hepatitis E) where infections in 
pregnant women can represent the index cases of a community-wide outbreak [12], 
MVD occurring in pregnant women would likely represent secondary infections 
within the community, prompting an epidemiological investigation to identify the 
index case(s). During the West Africa Ebola epidemic, pregnant women often became 
infected through the traditional female roles of caregiver to the sick as well as through 
preparation of the dead and via unsafe burials [13]. The high rate of transmissibility 
of filoviral infections was demonstrated in one Liberian village named Joe Blow Town. 
There, all of the mothers in the town became infected and died after acquiring EVD 
after caring for a woman who was infected and, following her death, preparing her 
body and then bathing in the water that had been used to wash her corpse [14].

Following acute infection, both marburgviruses and Ebola virus can persist in a 
variety of bodily fluids. Ebola virus and Marburg virus have both been found by cul-
ture from ocular aqueous humor 2 and 3 months after disease onset, respectively. Ebola 
virus RNA has been identified in breast milk for up to 21 days after the onset of the 
disease and in vaginal secretions up to 33 days after its onset. In one report, a 9-month-
old infant is believed to have acquired Ebola virus infection through breastfeeding 
from a mother who did not report having a febrile illness—persistent Ebola virus RNA 
was identified in both the mother’s breast milk and in the father’s seminal fluid [15].

In men, Ebola virus has been identified in the semen of survivors for many 
months after acute infection, with some having persistence of Ebola RNA for up to 
18 months [16]. It is likely that the marburgviruses would also demonstrate persis-
tence in seminal fluid of male survivors. Sexual transmission of marburgviruses 
was reported in 1968 after the initial outbreak of Marburg virus disease [17]. In a 
study in crab-eating macaques, it was found by Coffin et al. [18] that experimen-
tally infected males had persistent MARV infection of the seminiferous tubules, 
an immunologically privileged site. Affecting primarily the Sertoli cells, this viral 
persistence resulted in severe testicular damage including spermatogenic cell deple-
tion, inflammation, and breakdown of the blood-testis barrier [18].

4. Outbreaks of Marburg virus disease

Marburg virus disease was initially discovered in 1967 when 31 persons unex-
plainably became ill in the cities of Marburg and Frankfurt am Main in Germany 
and Belgrade in the former Yugoslavia. The illness was traced to exposure to tissues 
or cell cultures obtained from a group of imported African green monkeys (grivets 
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or Chlorocebus aethiops) that were originally from Uganda and had been maintained 
for making antisera in commercial laboratories. All the patients in Marburg were 
employees of Behringwerke, which produced sera and vaccines, and the infected 
persons in Frankfurt were employees of the Paul Ehrlich Institute, a control insti-
tute for sera and vaccines. All of the persons who developed a primary infection 
at the three locations had direct contact with blood, organs, and cell cultures from 
Cercopithecus aethiops monkeys. This initial outbreak resulted in 25 primary MARV 
infections including 7 deaths and 6 nonfatal secondary cases occurring in the 
persons and who treated them and their family members [19, 20].

Since this initial recognition of the virus in Europe, there have been at least 
12 additional episodes or outbreaks of MVD in humans (Figure 3). Numbers of 
infected individuals have varied, some episodes having only one person involved, 

Figure 3. 
Distribution of outbreaks of Marburg virus disease from 1967 to 2012. The 2014 infection of a single individual 
in Uganda and the 2017 outbreak in Kween, Uganda, are not indicated on this map. Photograph from the US 
Centers for Disease Control and Prevention, Atlanta, USA.
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or Chlorocebus aethiops) that were originally from Uganda and had been maintained 
for making antisera in commercial laboratories. All the patients in Marburg were 
employees of Behringwerke, which produced sera and vaccines, and the infected 
persons in Frankfurt were employees of the Paul Ehrlich Institute, a control insti-
tute for sera and vaccines. All of the persons who developed a primary infection 
at the three locations had direct contact with blood, organs, and cell cultures from 
Cercopithecus aethiops monkeys. This initial outbreak resulted in 25 primary MARV 
infections including 7 deaths and 6 nonfatal secondary cases occurring in the 
persons and who treated them and their family members [19, 20].

Since this initial recognition of the virus in Europe, there have been at least 
12 additional episodes or outbreaks of MVD in humans (Figure 3). Numbers of 
infected individuals have varied, some episodes having only one person involved, 

Figure 3. 
Distribution of outbreaks of Marburg virus disease from 1967 to 2012. The 2014 infection of a single individual 
in Uganda and the 2017 outbreak in Kween, Uganda, are not indicated on this map. Photograph from the US 
Centers for Disease Control and Prevention, Atlanta, USA.
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others involving an infected individual and a care provider, while in one outbreak as 
many as 252 persons were infected.

In February of 1975, the first outbreak of MVD to occur in Africa was recognized in 
a young Australian man who acquired the infection while traveling in Rhodesia (now 
Zimbabwe). He died in a Johannesburg hospital on the 7th day of infection. Two sec-
ondary cases developed—a traveling companion and a nurse—and both survived [21].

In 1980 a French electrical engineer working in Nzoia, Kenya, in a sugar factory 
acquired MVD and died shortly after admission to Nairobi Hospital. His attending 
physician also contracted MVD but survived [22]. Although it remains unknown how 
he acquired his infection, he worked at the base of Mount Elgon, where Kitum Cave is 
located. Kitum cave, 165 meters long and up to 60 meters wide with walls rich in salt, 
is inhabited by thousands of Egyptian fruit bats as well as by other bat species.

A 15-year-old boy from Denmark developed MVD infection during a visit to 
Kenya in 1987. He had visited a cave—Kitum Cave—on Mount Elgon and sub-
sequently traveled to Mombasa where he was noted to be ill. He died following 
transfer to Nairobi Hospital [23]. The causative agent was later found to be a new 
strain of MVD—the Ravn virus—and thus this was first report of this marburgvirus 
agent and its causes with human disease.

Two laboratory-acquired infections occurred with MARV occurred in the for-
mer Soviet Union in 1988 and 1990. Scant information is available regarding these 
events, although in one case it is known that the individual became infected after an 
accidental self-inoculation of MARV with a syringe while working with guinea pigs 
and which resulted in his death [24, 25].

A major epidemic of MVD occurred in 1998 among gold miners from the 
Goroumbwa mine in the DRC. This was the largest epidemic to have occurred up to 
that time and continued sporadically in the cities of Durba and Watsa up to 2000. A 
total of 154 cases occurred (48 confirmed and 106 suspected), with 52% in young 
male miners. The large majority (94%) of infected miners worked underground, and 
cessation of the outbreak coincided with the flooding of the mine [26]. Retrospective 
virologic and epidemiologic analysis revealed evidence for multiple introductions of 
MARV and RAVV viruses into the population as there were at least nine genetically 
distinct lineages of virus circulating during the outbreak [26]. This epidemic had a 
case fatality rate of 83% and importantly was the first MVD outbreak to report infec-
tion of pregnant women and their infants (see below). It also significantly affected 
children and early teens—for the 145 patients for whom demographic data were 
available, 18 of them (12%) were under the age of 15 years including 15 infants [26].

The largest outbreak of MVD to develop in Africa began in October 2004 in 
Angola [27, 28]. Centered in the northeastern Uige Province, this epidemic was not 
identified as being due to MVD until March 2005 following the transmission of the 
disease to healthcare workers, which alerted the community to the possibility of 
Marburg or Ebola virus disease. The outbreak persisted until July 2005 [29], and 
eventually there were 252 persons infected, of whom 227 died—a case fatality rate 
of approximately 90% [29, 30]. Case finding and follow-up during this outbreak 
was hampered by several factors. Individuals and patients often resisted medical 
assistance and epidemiologic studies because of circulating rumors that the foreign 
teams were responsible for bringing or spreading the virus. Clandestine practices 
including families hiding ill members, avoiding going to the hospital, immediately 
burying the deceased, utilizing native healers, and bringing patients to hospitals 
just before death suggest that the true severity of the outbreak and data on morbid-
ity and lethality might never be known. In addition, patient records were main-
tained only upon admission and not during hospitalization [31]. Approximately 
75% of the reported cases had occurred in children aged 5 years or younger [32]. 
There were no available data on the number of pregnant women, if any, who 
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became infected during this large outbreak. However, a report from Jeffs et al. and 
Médecins Sans Frontières (MSF) [33] working at the Uige Provincial Hospital, the 
initial epicenter of the outbreak, confirmed that screening for MVD was performed 
in the maternity ward of the hospital. Assessment of pregnant women was particu-
larly challenging, and many of these women were febrile and fulfilled the suspected 
case definition for MVD, especially as bleeding during pregnancy is common. The 
authors [33] stated:

“It was often difficult to rule out MHF without testing, but, because many women 
required constant obstetric assistance, it would have been difficult to admit them 
all to the formal Marburg ward for assessment. Therefore, a well-equipped isola-
tion area was set up in the maternity ward, including a delivery area and a ward 
area. Maternity staff were trained in infection control, and separate teams were 
assigned to the isolation area and the normal maternity ward. Any patient testing 
positive for MHF was admitted to the Marburg ward.”

Thus, it would appear that there were possible cases of pregnant women with 
infection during the Uige outbreak, but that cannot be confirmed.

Between 2007 and 2008, there were two outbreaks of MVD in Southwest 
Uganda—one among miners working in Kitaka Mine in the Kamwenge District [34] 
and the other in two tourists, one Dutch and the other American, that had separately 
visited Python Cave in Queen Elizabeth National Park [35, 36]. Both Python Cave 
and the Kitaka mine are inhabited by Egyptian fruit bats (Rousettus aegyptiacus) [37].

An outbreak of MVD was declared in October 2012 in the western Uganda 
districts of Kabale, Ibanda, and Kamwenge [38] that resulted in 20 confirmed or 
probable cases and 9 deaths. This outbreak was also linked to mining activity in the 
Ibanda District.

In September 2014 a 30-year-old male healthcare worker (radiographer) 
developed symptoms of a viral hemorrhagic fever. Following 1 week of illness, 
he was admitted to a district health facility in the Mpigi District and later trans-
ferred to a hospital in Kampala, Uganda. He expired 2 weeks after the onset of 
illness, and it was later confirmed that he was infected with MARV. The source 
of his infection was not identified, and there were no other infected persons 
 identified [37, 39].

In October 2017 an outbreak of MVD occurred in the Kween District of Uganda, 
near the border with Kenya [40, 41]. The initial three infected persons all belonged 
to the same family and died. The (probable) initially infected person was a 35-year-
old herdsman who frequently hunted near the area of Kaptum, which is known for 
its bat-infested caves. A healthcare worker also became infected.

5. Marburg virus disease in pregnant women, fetuses, and infants

There is very little information available on the effects of MVD on pregnant 
women, their fetuses, and infants, including clinical obstetrical and neonatal out-
comes following MVD infection and the persistence of virus post-infection. Similar 
to some of the initial outbreaks of Ebola virus disease, the pregnancy status of 
women suspected or confirmed as having MVD was not generally recorded during 
outbreaks and may not have even been evaluated at the time of their illness [1].

Based upon the reported cases of filovirus infections occurring in pregnancy, 
there is no evidence that women who are pregnant are more susceptible to becom-
ing infected with either marburgviruses or the Ebola virus [6]. However, it does 
appear that once they acquire a filovirus infection, pregnant women are more likely 
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appear that once they acquire a filovirus infection, pregnant women are more likely 
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to have a fatal outcome than are nonpregnant individuals [1, 6]. Pregnant women 
with EVD and MVD are at high risk of spontaneous abortion and stillbirth. EVD 
is associated with pregnancy-related hemorrhage, and although it has not been 
reported, it can probably also complicate MVD infection. Evidence from a number 
of reports confirms that hematogenous spread of Filovirus infection through the 
placenta is the most common source of fetal infection, as high viral titers have been 
detected in placental tissue not only for Ebola but also for other hemorrhagic fever 
viruses [11].

The initial report of MVD occurring in pregnant women and fetuses was 
derived from the outbreak occurring in the gold mining village of Dursa and 
district capital of Watsa in the DR Congo in 1998–1999 [6, 26]. During this out-
break, at least three pregnant women with MVD were reported, all of whom died. 
The infection was also lethal for their infants—one woman had a miscarriage, and 
another delivered an infant who died 7 h after birth. Thus, the only information 
available on the clinical effects of MVD occurring in pregnant women indicates a 
100% case fatality rate among infected mothers and their infants. This is higher 
than the mortality rates for pregnant women in the initial 1976 outbreak of 
Ebola virus in Yambuku, Zaire, in which 9 of 82 Ebola-infected pregnant women 
survived—a case fatality rate of 89%. During that EVD outbreak, ten live infants 
were born to mothers who subsequently died of the infection. All of these children 
also died within 19 days [42].

The 100% maternal and infant case fatality rate that has been reported for MVD 
is most similar to the Ebola outbreak of 1995 in Kikwit, Zaire, in which only 1 of 
15 EVD-infected women survived (case fatality rate of 95.5%). All of the pregnant 
women during the Kikwit EVD outbreak presented with severe hemorrhage. In 
addition to the maternal deaths that occurred during the Kikwit outbreak, ten 
women (66%) had spontaneous abortions, and one woman delivered a premature 
stillborn infant. Four of the pregnant women died during the third trimester of 
pregnancy. The single maternal survivor among this group had a curettage because 
of an incomplete abortion after 8 months of amenorrhea [42, 43].

The first (and only) report of the potential effect of MVD on the post-infection 
reproductive health of female survivors of the disease was reported from the initial 
outbreak of MAVN in Marburg, Frankfurt, and Belgrade in 1967 [20]. There were 
a total 32 persons who became infected at the three geographic locations, of whom 
12 were female. Two of the 12 died, and 4 of the survivors had secondary infec-
tions that resulted in milder disease symptoms, compared with cases of primary 
infection. Three women who had been infected and survived became pregnant 
1–2 years later. In all three cases, the pregnancy outcomes were normal. The 
placentas were tested for Marburg virus and were found to be negative. Umbilical 
cord blood was tested for antibodies to MARV and was positive for IgG but nega-
tive for IgM. When the infants were tested for MARV antibodies 1 year after birth, 
they were negative [20].

Because clinical disease caused by the marburgviruses and Ebola virus is clini-
cally indistinguishable, it is reasonable to postulate that they have a similar, if not 
close to or even an identical, pathophysiology when affecting pregnant women and 
their fetuses. The first report of EVD occurring in pregnant women originated in 
the first reported outbreak of this disease in Zaire (now DRC) in 1976 [44]. This 
outbreak in the rural town of Yambuku infected a total of 316 persons, causing 
280 deaths over a period of 11 weeks. There were 73 deaths among the 82 pregnant 
women infected with Ebola virus, a case fatality rate (CFR) of 89% [44]. Analysis 
of all EVD outbreaks prior to the West Africa Ebola epidemic reveals that there were 
112 cases of pregnant women reported who had acquired the infection—an aggre-
gate maternal mortality rate of 86% [11].
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At the start of the West Africa epidemic and based on prior EVD outbreaks, the 
prognosis was considered to be so poor for pregnant women and their fetuses that 
it was predicted that greater than 90% of infected pregnant women and 100% of 
fetuses would die as a result of EVD. In an interview performed early in the out-
break with a representative from a nongovernmental organization, it was opined 
that the survival rate for expectant mothers was virtually zero [1]. In a report 
published in 2015, the probability for maternal and infant survival of EVD was 
summarized as follows: “Present data suggests that maternal mortality remains high 
(approximately 95%) and peri-natal mortality virtually 100% for infected pregnant 
women” [45]. Fortunately, by the close of the epidemic, the maternal mortality rate 
for EVD, although high, was significantly less than some had originally expected. 
An accurate assessment of the maternal mortality data resulting from this multi-
national epidemic has been made difficult by multiple factors—it was not routine 
practice to test infected women for pregnancy, there were infected pregnant women 
who did not receive care due to mobility, there were financial or social issues or the 
inability to reach treatment centers, case surveillance and reporting infrastructure 
was weakened, and many early pregnancy cases were simply missed. Within these 
limitations, the combined published direct mortality rates among pregnant women 
with EVD have been estimated to be 44% [11]. However, in addition to direct deaths 
caused by Ebola virus infection, many pregnant women probably died during the 
epidemic from indirect causes resulting from an inability to access maternal health 
care, diversion of already limited resources to care for persons with EVD, stigmati-
zation and fear of attending health care facilities.

In contrast, the fetal survival rate was close to what had been expected—only 
one neonate is known to have survived infection. The sole surviving newborn with 
EVD, Baby Nubia, had received experimental treatments from Médecins Sans 
Frontières including ZMapp and the broad-spectrum antiviral GS-5734 outside of 
the clinical trial protocol; her mother had been denied access to potentially protec-
tive vaccination due to her pregnant condition and died of Ebola infection shortly 
after delivery [1].

The West Africa Ebola epidemic of 2013–2015, which officially infected 
28,616 persons but almost certainly infected many more, resulted in a significant 
increase of information about filovirus infections occurring during pregnancy 
[46–48]. Much of these data are the subject of a multiauthored 2019 book, 
Pregnant in the Time of Ebola: Women and Their Children in the 2013–2015 West 
African Epidemic [48].

In addition to maternal, fetal, and infant mortalities occurring as a result of 
acute EVD, information regarding the subsequent effects of EVD on pregnancy 
and the fetus are still being analyzed, especially among female survivors and the 
PREVAIL Study. Fallah et al. [49] examined pregnancy outcomes in two locations 
(Margibi and Montserrado) for 70 female survivors of acute EVD in Liberia. 
Of these 70 survivors, 15 women miscarried (6 in Montserrado, 9 in Margibi); 
4 neonates were stillborn (defined as fetal death ≥28 weeks’ gestation, 3 in 
Montserrado, 1 in Margibi); and there were two EVD survivors who decided to 
terminate their pregnancies (both in Montserrado). Six women became pregnant 
within 2 months of being discharged from the Ebola treatment unit—three of these 
resulted in stillbirths. One additional stillbirth occurred in an EVD survivor who 
had conceived 6 months after recovery. All 15 miscarriages that were identified 
in this cohort occurred in women who became pregnant 4 months or longer after 
discharge. Overall the frequency of miscarriage in clinically identified pregnancies 
for this cohort of Ebola survivors was 22.1% (15/68), a rate slightly higher than that 
expected for healthy women in developed countries (between 10 and 15%) and 
women in West Africa (11–13%) [49].
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One of the significant findings pertaining to pregnancy arising from the West 
Africa Ebola epidemic was the potential long-term persistence of filovirus in the tis-
sues of women following clinical recovery from acute infection. The investigation of 
a family cluster of Ebola virus disease infections that occurred in Liberia provided 
evidence for long-term persistence of virus in some infected women [50]. Following 
the infection of a 15-year-old boy in Liberia with EVD in November 2015 and his 
subsequent death, the evaluation of other family members revealed that his 8-year-
old brother had Ebola RNA in his blood, a 5-year-old brother had no evidence of 
infection, and a 2-month-old brother born in September 2015 had IgG antibodies 
to Ebola virus that were attributed to maternal transfer. The father had Ebola virus 
RNA in his blood and an antibody profile that was positive for Ebola-specific IgG 
and IgM that was consistent with previous EVD infection. The mother/wife had 
provided care for her adult brother in July 2014—he had died of presumptive EVD 
after he cared for EVD patients as a nurse’s aide. Shortly after her brother died, she 
developed clinical illness that was compatible with EVD, but did not seek care, and 
had a miscarriage in August 2014. She was found to have a high titer to IgG and low 
titer to IgM anti-Ebola antibodies. In addition, with the results of genomic analysis, 
these findings indicated that the most plausible explanation for this family cluster 
of Ebola virus infection was that the mother/wife had survived an episode of EVD 
in 2014 following her acquiring it from providing care for her infected brother. She 
then developed persistent Ebola infection, transmitting the virus to her three family 
members 1 year later [16, 50].

6. Non-human primate models of Marburg virus disease

Pathological examination of the placenta and fetus and in those cases of mater-
nal death, autopsy of the mother, have proved very helpful in understanding of the 
mechanisms of maternal-fetal transmission of emerging infectious diseases. This 
has been most recently demonstrated with the role of placental pathology in helping 
to understand vertical transmission of the newly emergent TORCH virus infection 
caused by Zika virus [51–54]. However, in the case of filovirus infections such as 
EVD and MVD, the recommendations from international organizations against 
pathology examination of placentas, autopsies, and fetal tissues to minimize risk 
of infection to healthcare workers have diminished our knowledge of the effects on 
pregnant women, fetuses, and neonates [11].

Experimental studies of laboratory animal infection with infectious agents can 
be a major source of information on the mechanisms of maternal-fetal transmis-
sion of disease, as well as the role of the placenta in vertical infections. There have 
been many experimental studies of infection with marburgviruses using a variety 
of non-human primates (NHPs)—these have included cynomolgus macaques 
(Macaca fascicularis), rhesus macaques (Macaca mulatta), African green monkeys 
(Cercopithecus aethiops), and squirrel monkeys (Saimiri sp.) [31]. Unfortunately, 
they have not addressed pregnancy or vertical viral transmission. There is, in 
addition, a paucity of information available on the effects of experimental MVD 
infection in non-human primates on the pathological effects on the female genital 
organs in nonpregnant animals, despite the performance of many autopsies.

However, some recent data are available specifically on the pathology of 
MVD of the female genitalia in NHPs. Four female rhesus macaques were 
experimentally infected via the intramuscular route with a target dose of 1000 
plaque-forming units of Marburg virus/H.sapiens-tc/AGO/2005/Ang-1379v 
(BioSample identifier SAMN05916381), passage Vero E6p4 [55]. Microscopic 
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examination of ovaries from three of the four MARV-infected macaques revealed 
degeneration and necrosis of circumferential stromal cells surrounding second-
ary and tertiary follicles and rare intracytoplasmic viral inclusions. In all four 
female macaques, immunohistochemical staining demonstrated that theca 
interna cells were strongly and diffusely positive for GP (Marburg glycoprotein) 
and VP40 (Marburg matrix protein) antigens, as well as positivity in scattered 
clusters of interstitial ovarian stromal cells located between the follicles. In one 
of the infected female macaques, there was positive staining noted in clusters of 
granulosa cells in secondary and tertiary follicles. Electron microscopic examina-
tion revealed viral nucleocapsids present that formed cytoplasmic tubular and 
granular inclusions within interstitial stromal cells and theca interna cells and 
the presence of mature free virus particles and in one macaque confirmed the 
occurrence of MARV infection in granulosa cells. The virus had also reached the 
fallopian tubes—all four females had positive findings of immunostaining and 
in situ hybridization in the epithelial cells (and stroma) of the fimbriae of the 
oviduct. One macaque had clusters of viral-positive smooth muscle cells in the 
myosalpinx. In one of the macaques, the uterus demonstrated that low to moder-
ate numbers of vacuolated, apoptotic, and inclusion-bearing macrophages were 
present in the endometrial stroma; the uteri from the remaining three macaques 
were histologically normal. Virus was present in the uterine tissues, as evidenced 
by multifocal to diffuse positive immunostaining and MARV genomic in situ 
hybridization of the superficial endometrial stroma, and with multifocal positive 
staining in one of the females. Ultrastructural analysis showed small numbers of 
viral nucleocapsids present that formed cytoplasmic tubular and granular inclu-
sions in several cell types, including endometrial stromal cells, fibroblasts, and 
endothelial cells, but not smooth muscle [55].

7. Conclusions

Marburg virus disease is a life-threatening infection to pregnant women and 
their infants and has fortunately been much less prevalent than its close filovirus 
relative, Ebola virus disease. However, mostly as a result of the West Africa Ebola 
epidemic, there is much more information available regarding the pathophysiol-
ogy and clinical outcomes of EVD in pregnant women and their fetuses. It is 
likely that both the marburgviruses and Ebola virus have the same mechanism(s) 
of maternal-fetal transmission. Both filovirus species can persist in body tis-
sues of survivors and be sexually transmitted. Prior to the West Africa Ebola 
epidemic, the case fatality rate for EVD in pregnant women varied up to greater 
than 90%, and all fetuses and neonates from infected women died. Fortunately, 
the maternal mortality rate for EVD declined during the West Africa epidemic, 
and as a result of the development of effective forms of therapy, the first neo-
natal survivor was reported. In contrast, the only reported data for maternal 
and neonatal survival following MVD shows a 100% mortality rate for pregnant 
women and their infants. Thus, based upon available, albeit limited, data, MVD 
has a higher case fatality rate in pregnant women than does EVD. The geographic 
range of MVD cases has been geographically restricted within Africa to Kenya, 
Uganda, DR Congo, Angola, Rhodesia, and South Africa. However, the recent 
announcement that the bat host for marburgviruses (Rousettus aegyptiacus) 
was found to be positive for the virus in Sierra Leone has added a potential new 
chapter to the risk for additional African outbreaks in a previously uninvolved 
part of the continent.
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Abstract

Ebola viruses (EBOV) are zoonotic pathogens that cause severe diseases in 
humans and have been responsible for several disease outbreaks over the past 
40 years. Ebola virus disease (EVD) leads to death on an average of 45–50% 
of cases, but in some outbreaks, the figures have been higher. The largest EVD 
outbreak in West Africa in 2014–2015 lead to more than 28,000 cases and 11,300 
fatalities. Host innate immune responses are vital in restricting the spread of viral 
infections including that of Ebola virus. EBOV and some other filoviruses are 
known to trigger uncontrolled virus replication by suppressing host innate immune 
responses, mainly by targeting the antiviral response through virus proteins. At 
least EBOV VP24 and VP35 proteins have been shown to inhibit the expression of 
type I and III interferon (IFN) genes as well as to inhibit IFN signaling leading to 
downregulated IFN-induced antiviral responses. In this review we concentrate 
on describing the mechanisms by which EBOV contributes to the pathogenesis of 
severe disease and on how the virus interacts with the host innate immune system.

Keywords: Ebola virus, filovirus, innate immunity, RIG-I pathway,  
MDA5 pathway, VP24

1. Introduction

Ebola virus (EBOV) belongs to the family of filoviruses which include seven 
viral species. Currently, eight virus types have been identified within this virus 
family [1]. The virus particles have a uniform diameter of 80 nm but can extend 
even up to 10,000 nm [2]. So far the largest outbreak of Ebola virus disease (EVD) 
has taken place in West Africa, in Guinea, Sierra Leone, and Liberia in 2014–2015 
[3, 4]. In humans EVD is characterized by a severe disease with high fever, diar-
rhea and vomiting, occasionally hemorrhagic manifestations, and suppressed 
immune and inflammatory responses which often lead to sepsis-like symptoms 
and hypovolemic shock [5]. Because of its high case-fatality rate and limited 
treatment and vaccination options, EBOV is classified as a biothreat pathogen of 
category A [6] and should be handled at biosafety level 4 (BSL-4) laboratories. 
EBOV is also considered as one of the deadliest human pathogens and a potential 
bioterrorism agent [7].

EBOV infection targets many tissues and cell types leading to dysregulation 
of inflammatory mediators, disrupted homeostasis, and impaired host immune 
responses. Together with abnormalities in the coagulation and vascular system, 
the infection often leads to a fatal outcome in humans due to a multiorgan 
failure [8–10].
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fatalities. Host innate immune responses are vital in restricting the spread of viral 
infections including that of Ebola virus. EBOV and some other filoviruses are 
known to trigger uncontrolled virus replication by suppressing host innate immune 
responses, mainly by targeting the antiviral response through virus proteins. At 
least EBOV VP24 and VP35 proteins have been shown to inhibit the expression of 
type I and III interferon (IFN) genes as well as to inhibit IFN signaling leading to 
downregulated IFN-induced antiviral responses. In this review we concentrate 
on describing the mechanisms by which EBOV contributes to the pathogenesis of 
severe disease and on how the virus interacts with the host innate immune system.

Keywords: Ebola virus, filovirus, innate immunity, RIG-I pathway,  
MDA5 pathway, VP24

1. Introduction

Ebola virus (EBOV) belongs to the family of filoviruses which include seven 
viral species. Currently, eight virus types have been identified within this virus 
family [1]. The virus particles have a uniform diameter of 80 nm but can extend 
even up to 10,000 nm [2]. So far the largest outbreak of Ebola virus disease (EVD) 
has taken place in West Africa, in Guinea, Sierra Leone, and Liberia in 2014–2015 
[3, 4]. In humans EVD is characterized by a severe disease with high fever, diar-
rhea and vomiting, occasionally hemorrhagic manifestations, and suppressed 
immune and inflammatory responses which often lead to sepsis-like symptoms 
and hypovolemic shock [5]. Because of its high case-fatality rate and limited 
treatment and vaccination options, EBOV is classified as a biothreat pathogen of 
category A [6] and should be handled at biosafety level 4 (BSL-4) laboratories. 
EBOV is also considered as one of the deadliest human pathogens and a potential 
bioterrorism agent [7].

EBOV infection targets many tissues and cell types leading to dysregulation 
of inflammatory mediators, disrupted homeostasis, and impaired host immune 
responses. Together with abnormalities in the coagulation and vascular system, 
the infection often leads to a fatal outcome in humans due to a multiorgan 
failure [8–10].
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Invading and replicating viruses are recognized by the host via cellular pattern 
recognition receptors (PRRs). PRRs recognize pathogens via pathogen-associated 
molecular patterns (PAMPs), such as viral structural components and nucleic 
acids, which then activate host innate immune responses. RNA virus infection 
activates different PRRs like Toll-like receptors (TLRs), retinoic acid-inducible gene 
I (RIG-I)-like receptors (RLRs), and nucleotide-binding oligomerization domain-
containing (NOD)-like receptors (NLRPs). Cell membrane-associated TLR3 and 
intracellular vacuole-located TLR7 and TLR8 are activated by viral dsRNA and 
ssRNA molecules, respectively, leading to the activation and nuclear translocation 
of transcription factors NF-κB, interferon regulatory factor 3 (IRF3) and IRF7 as 
well as MAP kinases activated transcription factors (MAPK TFs). Cytosolic RLRs, 
RIG-I, and melanoma differentiation-associated antigen 5 (MDA5) are activated by 
viral ss/dsRNA molecules leading to activation and nuclear translocation of IRF3 
(and IRF7), NF-κB, and MAPK TFs [11–13]. NLRP activation, especially NLRP3, 
leads to the activation of the inflammasome and the production of inflammatory 
cytokines IL-1β and IL-18 [14].

It has been shown that the RIG-I pathway has a significant role in host innate 
immune responses when the pathogen is an RNA virus. RIG-I recognizes 5′- 
triphosphate and short ss/dsRNA structures present in genomic and replicated viral 
RNAs. RIG-I activates mitochondrial antiviral signaling protein (MAVS) which is 
located in mitochondrial membranes. MAVS triggers the activation of inhibitor 
kappaB kinases (IKKα/β/γ/ε) and TANK binding kinase 1 (TBK1) through tumor 
necrosis factor receptor-associated factor (TRAF) adaptor proteins. Activated TBK1 
and IKKε then phosphorylate IRF3 [15], which forms dimers and translocates into 
the nucleus. At the same time, the canonical IKKα/β/γ complex activates NF-κB by 
phosphorylating the inhibitor of NF-κB (IκB) leading to degradation of IκB and 
the release and nuclear translocation of active p50-p65 NF-κB complex. NF-κB and 
dimerized IRF3 bind to the promoter elements of type I and type III IFN genes. This 
then leads to RNA polymerase II complex-initiated expression of IFN genes and 
secretion of type I IFN-α/β and type III IFN-λs [16]. The produced interferons are 
important in activating the second phase of innate immune responses in epithelial 
cells, fibroblasts, leukocytes, or basically any cell that has functional IFN recep-
tors. IFN α/β and IFN-λs bind to their specific type I and type III cell surface IFN 
receptors (IFNAR and IFNLR, respectively) leading to activation of janus kinases 
(JAK) and phosphorylation and activation of signal transducers and activators of 
transcriptions 1 and 2 (STAT1 and STAT2). Activated STAT1-STAT2 complexes 
translocate into nucleus and together with IRF9 induce the expression of hundreds 
of host genes, which include antiviral genes like Viperin, IFITMs, PKR, OAS, and 
Mx genes [17].

2. Ebola virus, virus proteins, and virus replication

Single-stranded viruses with negative-sense RNA genomes can be assigned to 
three different subgroups whether they are multisegmented, circular, or unseg-
mented [18]. Unsegmented viruses belong to the order of Mononegavirales, and 
the filovirus group is one of the eight mononegaviral families [19]. Filoviruses are 
enveloped, non-segmented, negative-stranded RNA viruses of varying morphol-
ogy. They are called filoviruses because of their filamentous particle structure [20]. 
Filoviruses are assigned to seven species in three genera Cuevavirus, Ebolavirus 
(EBOV), and Marburgvirus (MARV) [21]. Most of the filoviruses are human 
pathogens, and the diseases caused by two of these viruses, EBOV and MARV, are 
well-known because of their high case-fatality rate [3].
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Ebola virus group includes five virus species, Zaire ebolavirus (ZEBOV), Bundibugyo 
ebolavirus (BEBOV), Ivory Coast ebolavirus (ICEBOV), Sudan ebolavirus (SEBOV), 
and Reston ebolavirus (REBOV). Filoviruses consist of ssRNA genomes of 19 kilobases. 
EBOV genome encodes eight different proteins that all have specific functions [22]. 
Table 1 summarizes the major characteristics of EBOV proteins. The gene order of 
EBOV genome is NP, VP35, VP40, GP/sGP, VP30, VP24, and L (Figure 1).  
Nucleocapsid-associated proteins include the major nucleoprotein NP and the minor 
nucleoprotein VP30. Both of these proteins interact with the RNA genome and protect 
the viral RNA. Nucleocapsid structures also include VP35 and RNA-dependent 
RNA polymerase (RDRP) protein L [23]. Ribonucleoprotein complex regulates viral 
replication and transcription of the viral genome. The RDRP complex consists of L 
polymerase and VP35, the latter of which acts as a polymerase cofactor [24–26]. NP 
with RDRP complex catalyzes the viral genome with VP30 to initiate transcription and 
replication. VP40 is required for viral particle formation, and it is the major matrix 
protein [27]. Viral envelope glycoprotein (GP) is the only viral envelope protein, and 
its function is to attach the host cell surface and mediate the entry of viral nucleocap-
sids [28]. EBOV GP is heavily N- and O-glycosylated. On the surface of virus particles, 
GP is cleaved into two subunits (GP1 and GP2), and it exists as a trimeric protein 
complex (peplomers). In addition to full-length GP, there are several other forms of 
proteins encoded by the GP gene: nonstructural soluble glycoprotein (sGP) and a small 
soluble GP (ssGP) [29]. The functions of sGP and ssGP are presently not known, but 
they have been suggested to neutralize EBOV GP-specific antibodies. The viral genome 
encodes also VP24 which is a minor matrix protein, and its functions are dealing with 
virion assembly and downregulation of host innate immune responses (see below).

VP24 • Minor matrix protein, virion assembly

• Inhibits type I and type III interferon (IFN) gene expression

• Inhibits type I and III IFN signaling reducing the expression of IFN-induced genes 
(blocks STAT1/2 nuclear import)

VP30 • Minor nucleoprotein

• Transcription activator

VP35 • Polymerase cofactor

• Binds dsRNA and inhibits type I IFN production

• Inhibits dendritic cell maturation

• Blocks IKKƐ/TBK1 activation and IRF3 phosphorylation

VP40 • Viral matrix protein

• Required in virion assembly and budding

NP • Structural protein of nucleocapsid complex

• Catalyzes viral replication and transcription of the RNA genome

GP • Viral envelope glycoprotein

• Attachment to host cell surface

• Mediates virus entry

• Target of anti-GP neutralizing antibodies

sGP (ssGP) • Soluble glycoprotein (small soluble GP)

• Possible decoy of anti-GP antibodies

L polymerase • Viral RNA-dependent RNA polymerase

Table 1. 
Ebola virus proteins and their functions in virus replication cycle and in host cell functions.
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EBOV genome encodes eight different proteins that all have specific functions [22]. 
Table 1 summarizes the major characteristics of EBOV proteins. The gene order of 
EBOV genome is NP, VP35, VP40, GP/sGP, VP30, VP24, and L (Figure 1).  
Nucleocapsid-associated proteins include the major nucleoprotein NP and the minor 
nucleoprotein VP30. Both of these proteins interact with the RNA genome and protect 
the viral RNA. Nucleocapsid structures also include VP35 and RNA-dependent 
RNA polymerase (RDRP) protein L [23]. Ribonucleoprotein complex regulates viral 
replication and transcription of the viral genome. The RDRP complex consists of L 
polymerase and VP35, the latter of which acts as a polymerase cofactor [24–26]. NP 
with RDRP complex catalyzes the viral genome with VP30 to initiate transcription and 
replication. VP40 is required for viral particle formation, and it is the major matrix 
protein [27]. Viral envelope glycoprotein (GP) is the only viral envelope protein, and 
its function is to attach the host cell surface and mediate the entry of viral nucleocap-
sids [28]. EBOV GP is heavily N- and O-glycosylated. On the surface of virus particles, 
GP is cleaved into two subunits (GP1 and GP2), and it exists as a trimeric protein 
complex (peplomers). In addition to full-length GP, there are several other forms of 
proteins encoded by the GP gene: nonstructural soluble glycoprotein (sGP) and a small 
soluble GP (ssGP) [29]. The functions of sGP and ssGP are presently not known, but 
they have been suggested to neutralize EBOV GP-specific antibodies. The viral genome 
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virion assembly and downregulation of host innate immune responses (see below).

VP24 • Minor matrix protein, virion assembly

• Inhibits type I and type III interferon (IFN) gene expression

• Inhibits type I and III IFN signaling reducing the expression of IFN-induced genes 
(blocks STAT1/2 nuclear import)

VP30 • Minor nucleoprotein

• Transcription activator

VP35 • Polymerase cofactor

• Binds dsRNA and inhibits type I IFN production

• Inhibits dendritic cell maturation

• Blocks IKKƐ/TBK1 activation and IRF3 phosphorylation
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• Required in virion assembly and budding
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L polymerase • Viral RNA-dependent RNA polymerase

Table 1. 
Ebola virus proteins and their functions in virus replication cycle and in host cell functions.
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EBOV can infect a wide variety of cells, which may explain the ability of the virus 
to spread to many tissues and different types of cells. At present there is no direct 
evidence of one specific EBOV receptor; rather many types of molecules such as inte-
grins, C-type lectins, and TIM-1 have been suggested to function as a cellular receptor. 
After attachment EBOV is endocytosed followed by a fusion of viral and endosomal 
membranes and release of viral nucleocapsid into the cell cytoplasm. In the cytoplasm 
virus-specific mRNAs are synthesized from the genomic RNA template. Viral RNA 
polymerase complex is responsible for the synthesis of individual mRNA molecules 
for each EBOV proteins. Both the transcription and translation of EBOV proteins takes 
place in the cell cytoplasm. Virus replication is regulated by the L polymerase, VP30, 
VP35, and NP followed by the assembly of viral nucleocapsid (NC) structures. GP 
synthesis and glycosylation occurs in the Golgi complex, and the assembly of newly 
produced virus particles takes place at the plasma membrane where NCs, VP40, VP24, 
and GP are assembled followed by virus budding from the plasma membrane [22–27].

3. Ebola virus disease (EVD)

Ebola virus disease was first recognized in 1976 simultaneously in two different 
geographic locations, in Sudan and in the Democratic Republic of Congo [9, 30]. The 
newly identified viral agent was named Ebola virus, and the symptoms resembled 

Figure 1. 
Ebola virus genome structure and the expression of individual EBOV proteins in transfected cells. Panel A. 
EBOV genome encodes for eight different proteins, nucleoprotein (NP), viral protein 35 (VP35), VP40, secreted 
glycoprotein (sGP), GP, VP30, VP24, and RNA polymerase L are schematically shown. Panel B. Human 
hepatoma HuH7 cells were transfected with pcDNA3-His or HA-EBB expression constructs for different EBOV 
genes, and 24 h after transfections, the cells were stained with monoclonal anti-His (NP, VP35, VP40, GP, sGP, 
and VP30) or anti-HA (VP24 and L) antibodies and secondary rabbit anti-mouse immunoglobulin. Note that 
VP40 and especially VP24 are localized into the cell nucleus, and GP-expressing cells show significant cytotoxicity.
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those of Marburg virus disease (MVD). Most human cases have been caused by the 
ZEBOV species, and most of the outbreaks have occurred in Central and West Africa 
[5]. Like in many other zoonotic diseases, EBOV is considered to have a natural 
reservoir in animals, but humans may also transmit the disease via blood, serum, 
and bodily secretions (Figure 2). Patients that recovered from the primary infection 
were found to excrete the virus for several weeks or months also via the genital tract, 
especially in semen [31]. Humans and possibly some other mammalian species like 
primates are considered as the dead-end hosts [32]. Even though there are no firm 
links to natural reservoirs of EBOV, many studies suggest that rodents and bats likely 
play a role in virus transmission [33–36]. There is strong evidence that fruit bats, in 
case they are in close contact with humans or when they are used as food, transmit 
the disease to humans. EBOV may exist silently in reservoir species and be activated 
through certain stimuli such as stress, coinfection, pregnancy of the carrier animals, 
ecological changes, and change in food habits [37, 38].

Nevertheless, the route of primary transmission from possible reservoirs to 
humans needs to be studied in more detail in order to prevent direct infection routes 
from animals to humans. During outbreaks the dominant mode of transmission is 
human-to-human either through mucosa or lacerations [39]. An average incubation 
time in EBOV epidemics with human-to-human spread has been around 9–10 days 
[40]. Analysis of EBOV transmission between the patient and the secondary case(s) 
indicates an association with an exposure to infectious bodily fluids [41]. A large 
meta-analysis conducted on the secondary transmissions in the same household 
showed that the risk of transmission was less than 1% when the person was not in 
direct contact with an EVD patient [42].

Once the transmission has occurred, symptoms normally arise after 4–10 days 
of exposure, though there is a wide variation in the incubation time ranging from 2 
to 21 days [43, 44]. The typical symptoms of EVD are flu-like symptoms with fever, 
myalgia, and chills. Also, gastrointestinal symptoms occur as vomiting and diar-
rhea. After these common symptoms, the disease may rapidly evolve as hemorrhagic 
complications, anuria, dysthesia, and sepsis-like symptoms resulting in multiorgan 
failure [44, 45]. Other reported symptoms include headache, profound weakness, 
coughing, and rhinorrhea. Also, when systemic symptoms related to cardiovascular 
system occur, they often result in septic shock and edema [5, 44, 45]. Hematological 
changes in laboratory parameters include leukopenia, decreased neutrophil counts, 

Figure 2. 
Target cells and tissues infected by EBOV. Zoonotic and human-to-human transmission of EBOV through initial 
infection sites lead to viremia which targets the lymph nodes, liver, spleen, adrenal cortex, and vascular system. 
The widespread viral dissemination leads to tissue and vascular damage in these organs possibly resulting in 
sepsis-like state and multiorgan failure.
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and increase in liver enzymes. When the infection proceeds, patients develop throm-
bocytopenia, prolonged prothrombin time, and activated partial thromboplastin 
time. This may result in disseminated intravascular coagulation, which finally leads 
to a multiorgan failure and death [5]. Patients who have survived EVD were found 
to develop long-term symptoms and disorders such as recurrent hepatitis, myalgia, 
arthralgia, prolonged hair loss, psychosis, and uveitis [5, 43, 45], which in rural areas 
often do not receive adequate therapy.

Rapid EVD diagnosis is done by antigen detection methods (e.g., ELISA) or by 
the detection of viral RNA using RT-PCR techniques. High levels of viruses/viral 
RNA are generally seen after 48 h of clinical infection. ELISA-based EBOV-specific 
IgG and IgM antibody detection methods have also been developed [2]. Due to rural 
conditions and the fatal nature of the disease, EVD is often diagnosed based on 
anamnestic information and patient’s symptoms [46].

Fortunately, there are promising novel therapeutic alternatives of antiviral com-
pounds identified in in vitro and in animal studies [46]. Humanized monoclonal 
neutralizing antibody cocktails have also been used to treat EVD patients [47]. Due 
to the very high case-fatality rate of EVD, WHO has declared that it is ethical to use 
experimental drugs to treat and prevent EVD. However, to date, there are no EBOV-
specific therapies that have proven their efficiency in controlled studies in humans, 
and thus, supportive care remains the main treatment modality for EVD patients 
[5, 48]. Possible future therapies would include slowing down virus replication and 
disease progression allowing host innate and adaptive immune responses to over-
come the infection [49, 50].

Another way to approach EBOV epidemics is to use vaccines in high-risk 
areas. Vaccine candidates must show good efficacy in experimental EVD models 
[51]. Recent reviews summarize the progress made in the field of EBOV vaccines 
[52, 53]. Currently there are two promising vaccine candidates that have entered 
clinical studies: monovalent and bivalent recombinant adenovirus and VSV-based 
vaccines [52], the latter of which has been used in the most recent epidemic in the 
Democratic Republic of Congo.

4.  The effect of Ebola virus infection and EBOV proteins on cytokine 
gene expression

Filoviruses can infect many different cell types, for example, macrophages, 
monocytes, dendritic cells, Kupffer cells in the liver, fibroblasts, hepatocytes, cells 
of adrenal gland tissue, endothelial cells, and epithelial cells (Figure 2) [54, 55]. In 
nonhuman primates it has been shown that the virus first replicates in macrophages 
and dendritic cells. These cells are considered to be responsible for an unbalanced 
immune response [55]. Studies have shown that EBOV efficiently infect these 
cells after they differentiate from monocytes [56–58]. Histopathological studies in 
human tissues have proven that macrophages are readily infected [59]. The data 
on cytokines and inflammatory responses show that there is a correlation between 
poor prognosis and intense inflammatory response characterized by excessive 
cytokine and chemokine production [60]. After the initial infection phase in 
monocyte/macrophages and dendritic cells, the virus is spreading to lymph nodes 
and other organs such as the liver and the spleen which takes place via the lymphatic 
system [54, 55]. EBOV infection in these target organs leads to strong inflammatory 
responses and the release of pro-inflammatory cytokines and chemokines, such 
as interleukin-1β (IL-1β), IL-6, IL-8, IL-10, monocyte chemoattractant protein 1 
(MCP1), macrophage inflammatory protein 1α (MIP1α), MIP1β, and tumor necro-
sis factor (TNF) as well as to reactive oxygen species and nitric oxide [8, 61, 62].
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MIP1α and MCP1 create a positive feedback loop where secreted cytokines 
recruit more monocyte/macrophages to the site of infection enabling EBOV to infect 
more target cells [55]. The infection caused by EBOV inhibits the maturation of 
dendritic cells and prevents antigen presentation to T cells. This event is due to EBOV 
infection to inhibit upregulation of CD40, CD80, CD86, and major histocompat-
ibility complex (MHC) class II molecules [63, 64]. A commonly seen characteristic 
of EBOV infection is lymphopenia which occurs among CD4+ and CD8+ T cells and 
natural killer (NK) cells [65, 66]. The same effect was detected in vitro with EBOV-
infected human CD4+ and CD8+ T cells [67]. The differences in lymphopenia profiles 
between the survivors and deceased patients have been linked to uncommon innate 
immune response and suppression of adaptive immunity [68, 69]. However, the con-
nection between pathogenesis and the consequences of lymphopenia is presently not 
known. Loss of CD4+ T cells may also lead to reduced production of EBOV-specific 
immunoglobulin M (IgM) and IgG antibodies stating that early events that occur in 
the immune system in EBOV infection determine the outcome of EVD [70].

The morbidity and mortality of EVD are considered to be due to a burst of 
immunological mediators better known as a “cytokine storm” [60, 68]. The 
cytokine storm is a response caused by a wide variety of infectious and noninfec-
tious agents where they induce the production of pro- and anti-inflammatory 
factors usually consisting of IFNs, TNFs, interleukins, and chemokines [60, 71]. 
Unfortunately, the precise mechanisms triggering the cytokine storm is not known. 
Yet there are some studies showing that certain viruses and bacteria trigger cytokine 
storm through T-cell receptors and CD28 and/or by activating PAMP recognition 
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Panel A. EBOV prevents type I and III IFN production and expression. Two of the eight proteins 
encoded by EBOV have shown inhibitory effect in previous in vitro studies: VP35 and VP24. VP35 blocks 
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sis factor (TNF) as well as to reactive oxygen species and nitric oxide [8, 61, 62].
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pathways [72, 73]. Since EBOV infection in macrophages and dendritic cells sup-
presses their cytokine and chemokine production, including that of antiviral IFNs, 
it is likely that the excessive production of pro- and anti-inflammatory mediators 
occurs in other cell types apart from macrophages and DCs [74].

The immune evasion mediated by individual EBOV proteins has also been stud-
ied. So far two of the eight or nine EBOV proteins, namely, VP24 and VP35, have 
been shown to interfere with the activation of innate immune responses (Figure 3).  
VP35 has been shown to inhibit the maturation of dendritic cells. It interferes 
with the RIG-I signaling pathway to prevent enhanced expression of MHC class 
I and class II and the costimulatory molecules CD40, CD80, and CD86. This 
leads to impaired antigen presentation to CD8+ and CD4+ T cells and to impaired 
T-cell activation which disrupts the linkage between innate and adaptive immune 
responses [75, 76]. VP35 also inhibits RIG-I signaling by preventing IFN-α/β gene 
expression. VP35 binds to dsRNA which inhibits the interaction of RIG-I with viral 
RNAs. Also, the interaction between PKR activator PACT and RIG-I is disrupted 
which does not allow the normal RIG-I ATPase activation to take place [77].  

Figure 4. 
Panel A. Interaction of EBOV VP24 with human importin α isoforms and intracellular location of wild-type 
(wt) VP24 and NLS mutant (mut) VP24. Baculovirus or E. coli-expressed GST-importin α isoforms were 
allowed to bind to glutathione Sepharose. In vitro-translated 35S-methionine-labeled wt and mut VP24 proteins 
were allowed to bind to immobilized GST-importin α isoforms. NLS mutant VP24 shows clearly reduced 
binding to importin α molecules. Panel B shows the amount of Sepharose-bound GST-importin α molecules. 
Panel C shows the intracellular location of wt VP24 and reduced nuclear translocation of NLS mutant of VP24.
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VP35 has also been reported to increase the SUMOylation of IRF7 by SUMO-
conjugating enzyme UBC9 and SUMO E3 protein ligase PIAS1 leading to reduced 
transcriptional activity of IRF7 [78]. IRF7 is one of the key transcription factors 
regulating IFN-α/β and IFN-λ gene expression [79]. EBOV VP35 also inhibits IKKε/
TBK1 kinase complex functions [80]. In addition to all the abovementioned func-
tions, VP35 has an inhibitory effect on PKR activation that contributes to inhibition 
of dendritic cell maturation [61, 81].

EBOV VP24, in addition of having a role in virion assembly, is downregulat-
ing the activation of innate immune responses. In virus-infected and in VP24 
gene-transfected cells, VP24 protein is expressed in the cell cytoplasm and espe-
cially in the nucleus (Figure 1) [82]. The expression of VP24 genes from different 
EBOV viruses has shown that they all inhibit RIG-I-induced IFN gene expression 
[83]. The analyses have been done by cotransfecting cultured cells, often human 
embryonal kidney cells (HEK293 cells), with the expression constructs for 
VP24 and activators of the RIG-I pathway (deltaRIG-I, MAVS, IKKε, or TBK1) 
together with IFN promoter-reporter constructs (e.g., luciferase). These analy-
ses have revealed that VP24 is efficiently inhibiting IFN gene expression on all 
components of the RIG-I pathway. Interestingly, the IFN expression-inducing 
capacity of constitutively active form of IRF3, dimerized IRF35D construct was 
also inhibited by VP24. However, a mutant VP24 protein, which lacked a nuclear 
localization signal and was thus mostly cytoplasmic, could not interfere with 
RIG-I-induced IFN gene expression (Figure 4) [82]. This indicates that VP24 
likely interferes IFN gene expression by presently unidentified mechanism in the 
cell nucleus.

5. Downregulation of IFN-induced antiviral activities by EBOV proteins

One of the factors dictating EBOV lethality is its ability to replicate in many 
cell types and evade host immune responses. There are multiple mechanisms 
that allow filoviruses to surpass the host innate antiviral responses, for instance, 
interferon-induced antiviral responses [84]. Type I and III IFNs (IFN α/β/λ) have 
a major role in antiviral response in viral infections [82, 85]. The activation of 
RLRs and TLRs and their downstream signaling cascades lead to the expression of 
type I and type III IFNs [11]. Type I IFNs (mainly IFN-α/β) bind to their specific 
cell surface receptors IFNAR1 and IFNAR2, while type III IFNs (IFN-λ1-4) have 
their own cell-specific receptor composed of IFNLR and IL-10R2 receptor chains 
(Figure 3). Activation of type I or type III IFN receptors leads to activation of 
JAK–STAT signaling pathway which ultimately leads to phosphorylation and 
dimerization of STAT1 and STAT2 and the expression of IFN-stimulated genes 
[86]. Several studies have shown that especially EBOV VP24 protein interacts with 
this antiviral defense system by interfering with nuclear translocation of activated 
STAT1-STAT2 dimers (Figure 3B). VP24 has a nuclear localization signal (NLS), 
which mediates a tight interaction with importin α molecules that mediate the 
nuclear translocation of nuclear-targeted proteins together with importin β. 
Humans have six different importin α isoforms, and VP24 is capable of binding 
to all importin α molecules, especially to importin α5, α6, and α7 [82]. Importin 
α-bound VP24 is able to prevent the interaction of STAT1-SAT2 complexes with 
the NLS-binding armadillo domains of importin α isoforms and thus prevent the 
nuclear import and subsequent STAT-induced activation of IFN-stimulated genes 
(ISGs). However, if the NLS of VP24 is mutated, VP24 is incapable of inhibiting 
importin α-STAT interaction, and IFN-induced genes are expressed normally [82].  
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regulating IFN-α/β and IFN-λ gene expression [79]. EBOV VP35 also inhibits IKKε/
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of dendritic cell maturation [61, 81].

EBOV VP24, in addition of having a role in virion assembly, is downregulat-
ing the activation of innate immune responses. In virus-infected and in VP24 
gene-transfected cells, VP24 protein is expressed in the cell cytoplasm and espe-
cially in the nucleus (Figure 1) [82]. The expression of VP24 genes from different 
EBOV viruses has shown that they all inhibit RIG-I-induced IFN gene expression 
[83]. The analyses have been done by cotransfecting cultured cells, often human 
embryonal kidney cells (HEK293 cells), with the expression constructs for 
VP24 and activators of the RIG-I pathway (deltaRIG-I, MAVS, IKKε, or TBK1) 
together with IFN promoter-reporter constructs (e.g., luciferase). These analy-
ses have revealed that VP24 is efficiently inhibiting IFN gene expression on all 
components of the RIG-I pathway. Interestingly, the IFN expression-inducing 
capacity of constitutively active form of IRF3, dimerized IRF35D construct was 
also inhibited by VP24. However, a mutant VP24 protein, which lacked a nuclear 
localization signal and was thus mostly cytoplasmic, could not interfere with 
RIG-I-induced IFN gene expression (Figure 4) [82]. This indicates that VP24 
likely interferes IFN gene expression by presently unidentified mechanism in the 
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One of the factors dictating EBOV lethality is its ability to replicate in many 
cell types and evade host immune responses. There are multiple mechanisms 
that allow filoviruses to surpass the host innate antiviral responses, for instance, 
interferon-induced antiviral responses [84]. Type I and III IFNs (IFN α/β/λ) have 
a major role in antiviral response in viral infections [82, 85]. The activation of 
RLRs and TLRs and their downstream signaling cascades lead to the expression of 
type I and type III IFNs [11]. Type I IFNs (mainly IFN-α/β) bind to their specific 
cell surface receptors IFNAR1 and IFNAR2, while type III IFNs (IFN-λ1-4) have 
their own cell-specific receptor composed of IFNLR and IL-10R2 receptor chains 
(Figure 3). Activation of type I or type III IFN receptors leads to activation of 
JAK–STAT signaling pathway which ultimately leads to phosphorylation and 
dimerization of STAT1 and STAT2 and the expression of IFN-stimulated genes 
[86]. Several studies have shown that especially EBOV VP24 protein interacts with 
this antiviral defense system by interfering with nuclear translocation of activated 
STAT1-STAT2 dimers (Figure 3B). VP24 has a nuclear localization signal (NLS), 
which mediates a tight interaction with importin α molecules that mediate the 
nuclear translocation of nuclear-targeted proteins together with importin β. 
Humans have six different importin α isoforms, and VP24 is capable of binding 
to all importin α molecules, especially to importin α5, α6, and α7 [82]. Importin 
α-bound VP24 is able to prevent the interaction of STAT1-SAT2 complexes with 
the NLS-binding armadillo domains of importin α isoforms and thus prevent the 
nuclear import and subsequent STAT-induced activation of IFN-stimulated genes 
(ISGs). However, if the NLS of VP24 is mutated, VP24 is incapable of inhibiting 
importin α-STAT interaction, and IFN-induced genes are expressed normally [82].  
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As mentioned above, EBOV VP35 is able to inhibit dsRNA-induced PKR activa-
tion. PKR is one of the ISGs that has antiviral activity against many different 
viruses. EBOV GP is also able to induce cytotoxic activities in cells (Figure 1) even 
though the precise mechanisms behind this activity are present unknown.

6. Concluding remarks

Filoviruses target many cell types and tissues that regulate the activation of 
host immune responses and blood coagulation and hemostatic systems. Even if 
many of the processes in EBOV-host cell interactions have recently been revealed, 
there are still many open questions, e.g., by which molecular mechanisms are 
involved in EVD. In addition, more detailed information is needed to determine 
the activity of individual EBOV proteins, in addition to VP24 and VP35, on host 
innate and adaptive responses. Collectively, with this information it would be 
possible to design novel drugs or new modalities of treatment of Ebola and other 
filovirus infections.

7. Conclusions

Ebola virus infection is characterized by a severe infection with distorted regu-
lation of blood coagulation and hemodynamic system and enhanced expression 
of inflammatory cytokines. In human infections Ebola virus targets macrophages 
and dendritic cells followed by systemic spread to the liver, spleen, and adrenal 
tissues. Individual EBOV proteins, such as VP24 and VP35, can interfere with the 
activation of host interferon gene expression and downregulate host antiviral 
responses.
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Abstract

As part of the laboratory response to the Ebola virus outbreak in Guinea, the 
Institut Pasteur de Dakar mobile laboratory (IPD-ML) was set up in Donka hos-
pital from 2014 to 2016. EBOV suspected samples collected at Ebola Treatment 
Centers (ETC) and from community deaths were sent daily to IPD-ML. Analysis 
was performed using dried oligonucleotide mixes for real-time RT-PCR designed 
for field diagnostic. From March 2014 to May 2015, a total of 6055 patient samples 
suspected for EBOV collected from seven regions of Guinea were tested by real-
time RT-PCR. These patients’ clinical included serum samples (n = 2537 samples) 
and swabs (n = 3518 samples) with positivity rates of 36.74 and 6.88% respectively. 
Females were significantly more affected than males with positivity rates of 22.39 
and 17.22% respectively (p-value = 5.721e-7). All age groups were exposed to the 
virus with significant difference (p-value <= 2.2e-16). The IPD-ML contributed sig-
nificantly to the surveillance and patient management during the EBOV outbreak 
in Guinea. Furthermore, dried reagents adapted for field diagnostic of EVD suspect 
cases could be useful for future outbreak preparedness and response.

Keywords: Ebola disease virus, West-Africa epidemic, mobile laboratory 
deployment, social benefits

1. Introduction

Ebola virus (EBOV) belongs to the family Filoviridae, genus Filovirus. Filoviridae 
are non-segmented negative RNA viruses belonging to the order of Mononegavirales 
together with the families Paramyxoviridae and Rhabdoviridae. Ebola virus disease 
(EVD) is caused by five species of the genus Ebolavirus represented by Ebola virus 
(EBOV), Reston virus (RESTV), Sudan virus (SUDV), Bundibugyo virus (BDBV), 
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Tai Forest virus (TAFV). TAFV has been associated with only one human case [1]. 
RESTV has only been found in non-human primates (NHP) and was found in swine 
suffering from porcine reproductive and respiratory disease syndrome [2].

The natural hosts of the EBOV remain unknown. However frugivorous bats of 
the family Pteropodidae are the most likely reservoir. Humans are infected with 
EBOV through direct contact with blood, secretions, organs or body fluids of 
diseased or dead animals found in the rainforest or most likely during slaughter 
of infected animals such as chimpanzees, gorillas, frugivorous bats, monkeys, 
duikers or porcupines. Human-to-human transmission is then achieved through 
direct contact with the secretions or biological fluids of infected persons. In 
hospitals and communities’ cases of infections through contact with the patients 
and during funerals were described [3, 4]. Sexual transmission has also been 
documented and the virus can be isolated in the seminal fluid after several weeks 
of convalescence [5].

Since the discovery of EVD in 1976 in Nzara (now South Sudan) and Yambuku 
(Democratic Republic of the Congo (DRC)) close to the Ebola River [6], EBOV 
outbreaks were sporadically reported in Eastern and Central Africa from 1976 to 
2014 in five countries: DRC, Sudan, Gabon, Uganda and Congo. More than 2000 
cases have been reported with over 1500 deaths. EVD therefore appeared mostly 
geographically limited to remote villages in Central Africa until the 2014–2016 
outbreak in West Africa [7–9].

In February 2014, Guinea recorded numerous cases of fatal fever in the south 
of the country. In March 2014, a local team conducted a first investigation in the 
Guinea Forest region, particularly in the prefectures of Macenta, Gueckedou, 
Kissidougou and Nzerékoré to collect blood samples from suspect cases of hemor-
rhagic fever patients. Thirty-three blood samples were sent to the Institute Pasteur 
of Lyon, France for laboratory investigation.

Since biosecurity concerns by airlines, obstructed air transport of more samples 
from Guinea to Senegal a request was issued by the Guinean Minister of Health to 
the WHO for the deployment of a team of the Institut Pasteur of Dakar (IPD) to 
Guinea to support diagnostics of the suspected hemorrhagic fever cases on March 
20, 2014. On 22 March 2014 first laboratory results by the Institut Pasteur de Lyon, 
in France confirmed EVD cases in Guinea. The Institut Pasteur Dakar Mobile 
Laboratory (IPD-ML) was deployed on 23 March 2014, to the Donka hospital in 
Conakry and tested a first positive sample on the same day. Here, we present a sum-
mary of the laboratory’s activities between March 23, 2014 and May 31, 2015 using 
field-based sensitive and/or rapid molecular diagnostics tools.

2. Material and methods

2.1 Organization of the laboratory

The IPD-ML was set up at Donka hospital in the Infectious Disease Department. 
It was organized in pre-analytical, analytical and post-analytical phases as 
described previously [10].

2.2 Sample collection

Clinical samples were collected at the MSF isolation ward by personnel wear-
ing personal protective equipment (PPE) including a surgical mask, cap, shield 
or goggles, gown, apron, gloves (two pairs) and boots. Swab samples (nasal and 
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oral) were collected using cotton tipped applicators (Deltalab, Spain). Whole blood 
samples were collected using EDTA and serum vacutainer tubes. For transport, 
tubes were disinfected with a 0.5% hypochlorite solution and put in triples packages 
bags. An Ebola investigation request form was also filled out and sent with sample 
to the laboratory.

2.3 Sample handling and RNA extraction

Collected samples were manipulated at IPD-ML by personnel wearing Tyvek suits, 
googles and gloves. Samples were inactivated in a class II biosafety cabinet (BDK 
Luft, Genkingen, Germany) using QIAamp viral mini kit as recommended by the 
supplier. Then, RNA extraction was performed in a class II biosafety cabinet (Nuaire, 
Minnesota, USA) and eluted in 50 μl of buffer. All waste material was treated with 1% 
Incidin (Ecolab, Germany) solution and incinerated on the same day.

2.4 RT-PCR diagnostic assays

RNA was detected using the quantitect RT-PCR Master Mix Probe kit 
(Qiagen). Briefly, 5 μl of RNA was added to 20 μl of master mix containing 
2x QuantiTect Probe RT-Master Mix buffer and dried oligonucleotide mixes 
(Roboscreen, Jena, Germany) prepared in 4x and 10x reactions as described 
[11]. The real time PCR assay was performed using a Smartcycler thermocycler 
(Cepheid, Sunnyvale, CA). The thermal profile used was a reverse transcription 
for 10 min at 50°C, 15 min at 95°C for reverse transcriptase inactivation and DNA 
polymerase activation followed by 45 amplification cycles of 5 sec at 95°C and 
50 sec 60°C (annealing-extension step).

The samples were considered positive if there was an apparent logarithmic phase 
in the amplification curve with a Ct value of <38. For Ct values between 38 and 42, 
the samples were considered suspect and undetermined and negative if there was 
no apparent logarithmic amplification.

2.5 Data management and statistical analysis

Patient results were recorded in a database including patient ID, date of sample 
collection and laboratory results. Daily, the database was sent to the ETC, the WHO 
and the Guinean MoH for rapid care of the patients and an update of the EVD 
response.

The statistical analyses were performed using the R statistical software (version 
3.3.2) [12]. All calculated p-values were results of Fisher’s Exact Test with a two-
sided alternative hypothesis (testing for inequality).

3. Results

The algorithm for laboratory testing is presented in Figure 1. The IPD-ML was 
operational within 1 hour after the arrival in Guinea and gave results of suspected 
EVD cases in less than 3 hours from the time of sample receipt. From March 2014 
to May 2015, a total of 6055 patient samples suspected for EBOV (53% of the total 
of samples tested in Guinea) were tested by the IPD-ML setup in Donka hospital, 
Guinea, of which 1157 tested positive by real time RT-PCR. Among the 6055 
samples, 7 were EVD suspect cases from Liberia received at the IPD-ML on March 
29, 2014, of which two tested positive for EBOV, confirming the first circulation of 
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oral) were collected using cotton tipped applicators (Deltalab, Spain). Whole blood 
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the virus in this country. The clinical specimens included mainly serum samples 
(n = 2537 samples) and swabs (n = 3518 samples) with positivity rates of 36.74 and 
6.88% respectively (Table 1).

Figure 2 shows the geographical distribution of patient samples tested at 
IPD-ML. Overall, most of the samples tested were from Lower Guinea regions: 
Conakry (70%), Coyah (6.42%), Dubreka (5.38%), Forecariah (5.07%), Kindia 
(3.12%), and Boffa (2.59%). Furthermore, we also tested patient samples collected 
from the remaining regions of the country: Middle Guinea, Upper Guinea and 
Forest Guinea.

Analysis of all samples tested by sex, suggests a statistically significant differ-
ence between the females (n = 2608 samples) and males (n = 3397 samples) with 
positivity rates of 22.39 and 17.22% respectively (p-value = 5.721e-7). Analysis by 
sex of samples collected in Conakry, showed statistically significant difference 
between the females (n = 1550 cases) and males (n = 2169 cases) with positiv-
ity rates of 16.1 and 12.7% respectively (p-value = 0.01231). Furthermore, the 
distribution of EVD cases by age of samples collected in the Conakry region 
showed that all age groups were exposed to the virus with significant difference 
(p-value <= 2.2e-16). Patients aged 50 years and over seemed to be less affected by 
the outbreak.

Analysis of alive suspect EVD patients by sex show a total of 1111 females versus 
1415 males tested (serum patients); for these patients 41.3% (459/1111) of females 
and 33.4% (472/1415) of males were tested positive with significant difference of 

Samples source Tested Positives/negatives

Blood samples 2537 932/1605

Swab samples 3518 242/3276

Total 6055 1174/4881

Table 1. 
Samples tested and lab results from March, 23, 2014, to May 31, 2015.

Figure 1. 
Diagnostic algorithm for IPD - ML testing.
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infection between the two genders (p = 4.615e-5). Females exhibited a higher ratio 
of infection than males during the period of study.

Analysis of alive patients by age show significant difference of infection in terms 
of age group with a higher rate of infection for people aged between 35 and 49 years 
(p-value = 0.01704) (Table 2).

Figure 3 shows EVD cases admitted to the ETC analyzed by IPD-ML between 
March 2014 and May 2015. The number of confirmed EBOV cases was almost the 
same per month between March and July 2014 with a total of 34.22% (128/374) 
confirmed cases with an average of 26 positives cases by month, and peaked in 
December 2014 with 253 confirmed cases.

Figure 4 and Table 3 represent swab samples collected from deceased analyzed 
by month and age. Out of the 3518 swab tests performed, 242 were tested EBOV 

Figure 2. 
Outbreak distribution map. Geographic mapping of the distribution of the epidemic throughout the country 
of Guinea with the exception of its capital, Conakry. Red and blue colors represent positives and negatives 
cases respectively. Because about two thirds (4285/6055) of all tested patients resided in Conakry, an extra 
table represents numbers tested and confirmed cases in the Conakry region. Inclusion of these data throws the 
proportion of the remaining pie charts off balance.

Age group Positive Negative Ratio (P/N) P-value

[−19] 186 323 0.57585 0.01704

[20–34] 330 612 0.53922

[35–49] 240 325 0.73846

[50+] 139 268 0.51866

Table 2. 
Distribution of patients (alive) by age group.
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Figure 3. 
Number of cases per months. The horizontal bar plot shows the number of people that were tested every month 
from January 2014 to May 2015. Red and blue bars represent positive and negative cases respectively.

Figure 4. 
Number of deaths per months. The bar plot classifies all the defunct tested patients through the months and 
segregates the patients by the result of their tests.
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positive i.e. the cause of death had been EVD against 3276 patients that died of other 
causes. However, analysis of the 242 aforementioned patients grouped by age shows 
that there is not enough evidence to correlate deaths caused by EBOV to gender 
(p-value = 0.9952).

3.1 Need for rapid and portable assay for Ebola diagnostics

As in previous epidemics contacts of Ebola patients or deaths in West-Africa 
were found to feel helpless while fearing to die a premature death, to mourn the loss 
of relatives and friends and to lose the trust in others. Especially during the waiting 
time for the test result, they feel helpless and hopeless [13].

Long periods of waiting for the test result, enhanced a high social burden for 
the affected communities because of stigmatization: “When the burial team lead 
told [the relatives] that it could take between 2-21 days before they would know the 
test results, some relatives complained about the delay, noting: “the whole time, the 
stigma on you” [5].

In Liberia, there was a big fear among the communities to be erroneously 
quarantined for a non-Ebola illness so people became reluctant to search health-
service when they experienced symptoms. Additionally, there was a fear of an 
entire households being stigmatized with Ebola and quarantined whenever 
deaths occurred which were most likely to be due to other diseases. Similar 
responses were reported from the EVD outbreak in Kikwit in 1995 and in Gulu 
2001 [14, 15].

Lacking definite EVD confirmation or exclusion, the community started to hide 
deaths and performed secret burials in order to avoid inappropriate stigmatization 
and quarantine. Receiving a negative test result freed families from stigmatization 
due to an Ebola case.

Communities began demanding a timelier return of test results and specifically 
demanded a rapid diagnostic test: “I suggest that the government improve the 
system. People will die at home. That will always happen. But let us say, if in 2- or 
3-hours’ time, if government able to tell you that this is Ebola body or not Ebola 
body that will be very fine.” (Community member FGD, Site B) [5].

Rapid point of care assays like the highly sensitive and specific RPA used in 
Guinea shorten the burden of emotional distress by significantly decreasing the 
amount of waiting time until the Ebola status is assessed.

A quicker return of results also shortens the time of inappropriate quarantine 
and facilitates contact tracing efforts. It counters low acceptance of testing for EVD 
which risks underdiagnosing EVD patients thereby facilitating spread of disease 
by continuous contact with other community members [5]. Rapid diagnostic tests 
are a key tool for providing the appropriate care for patients, according to the Ebola 
Response Anthropology Platform [16].

Age group Female Male Ratio (M/F) P-value

[−19] 21 19 0.90476 0.9952

[20–34] 33 28 0.84848

[35–49] 35 32 0.91429

[50+] 32 27 0.84375

Table 3. 
Distribution of death by Ebola per age group.
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3.2 Use of recombinase polymerase amplification

The EBOV RT-RPA was successfully used in a campaign to roll back EVD cases in 
western parts of Conakry following an upsurge of EVD cases connected to non-
reporting, reticence, and transmission chains connected to funeral rites toward the 
end of [17]. Mobile suitcase labs using RT-RPA tested oral swabs from all deceased 
at the morgue in Matoto in March and April 2015. Results were provided 30–40 min 
after receipt of samples to the safe and dignified burial (SDB) teams.

Altogether the suitcase based RT-RPA assay for the detection of EBOV in 
saliva samples proved to be very efficient and as sensitive and specific as real time 
PCR. The combination of SPEED Extract extraction in a hard plastic glovebox and 
RT-RPA in a suitcase using RPA pellets which already contained primers and probe 
allowed biosafe handling of samples, reduced time to result and allowed a large 
turnover in very simple settings [18].

There was no concomitant study to measure the impact of the RPA deployment. 
However the joint IPD-guinea team noticed this strategy of lowering the time to 
results successfully contributed to the reduction of the population reluctances to 
be tested. When knowledge spread in Matoto about the fast time to result for the 
obligatory screening of deceased, SDB teams were suddenly actively addressed and 
directed to deceased to take samples in order to clear bodies for traditional burials, 
essentially changing the behavior of the local population.

The RPA assay was deployed not only in Conakry but also during campaigns 
organized by the coordination committee for active search of Ebola suspected cases 
in the Forécariah, Coyah, Dubréka and Boké prefectures. During these campaigns, 
2509 samples were tested.

The end of the Ebola epidemic was declared by the WHO on December 29, 
2015. However due to the persistence of the virus in survivors, WHO recommended 
to strengthen the surveillance in the whole country for three additional months. 
Hence, a lab deployment strategy was set up in the Guinea to screen all Ebola 
suspected cases samples collected in the health care and community death. Then 
mobile laboratory based on the RPA assay was recommended by the “Coordination 
Nationale de Riposte au virus Ebola” to continue the real time monitoring of Ebola 
virus due to the rapidity and user-friendly of the assay. On 17 March 2016, the RPA 
system allowed the detection of the two last Ebola cases reported in Guinea, in the 
Nzérékoré forest area of the country [19].

4. Discussion

The use of mobile laboratories is crucial for rapid management and control of 
epidemics in infrastructure poor settings. During the EVD outbreak in West Africa, 
several mobile laboratories were deployed in the countries most affected by the 
deadly virus, i.e. Sierra Leone, Liberia and Guinea. In this context, the IPD deployed a 
mobile laboratory in Conakry, Guinea, at the Donka Hospital. Overall, a total of 4881 
samples of EVD-suspect patients including live and community deaths were analyzed 
between March 2014 and May 2015 with 1174 confirmed positives for EBOV.

Epidemics prior to 2014 had been reported in rural areas only [9, 20]. The 
IPD-ML tested samples collected from all the four natural regions of Guinea. The 
majority of the confirmed cases tested were collected toward the end of 2014 in 
the Conakry region. This was due to movements of EVD cases inside a densely 
populated area combined with ignorance toward the disease by the population in 
general and in particular by medical staff although EVD had been ongoing in the 
country for months.
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The results of the IPD-ML were systematically sent out 3 hours after samples 
receipt at the hospital Donka Ebola treatment center managed by Médecins Sans 
Frontières. Patients which tested positive were placed in the isolation zone for better 
care and to avoid contamination of others.

Depending on the development of the disease, the viral genome can be detected 
at day 2 or 3 after the onset of the disease until about day 10, and IgM and IgG can 
be detected at about the same time after the onset of the disease (8–10 days) [21]. 
Therefore, in the first 3 days of illness, and beyond 10 days after the beginning of 
the disease, molecular testing cannot detect the virus genome, which can lead to 
false negatives. Therefore, RT-PCR should be repeated for early samples taken up to 
72 hours after onset of disease [22, 23]. Patients negative in the initial test therefore 
were observed for 48 hours in a separate zone and a second control test had to score 
negative before they were released.

Furthermore, for Ct values ranging between 38 and 42, the patient was also 
considered as a suspected case and a control test was recommended to the ETC. The 
real time RT-PCR method used by IPD-ML was very sensitive with a detection limit 
of 10 copies of RNA [18, 24, 25].

In addition, we carried out studies to improve our diagnostic platform deployed 
by the IPD-ML. In the face of an upsurge of EBOV cases in Conakry and transmis-
sion of the virus via funeral rites in 2014, we developed a rapid isothermal test for 
rapid detection of the virus in 10–15 min [18]. This method allowed rapid rendering 
of results and secure burial of deaths, thus contributing to a significant reduction of 
the transmissions of the virus during funeral rites and a reduction of social reluc-
tance to submit samples often reported due to the expectation of the results and the 
consequent impact on burial rites.

It is important to note that in Conakry, where most tested patients resided, 
women had a significant higher infection rate which can be attributed to gender-
related risk factors. The Guinean societal and organizational culture holds women 
responsible for nursing and caring for the patients. In an attempt to fulfill their 
gender roles, women were left more exposed to the virus [26].

The major challenge encountered during this deployment was the electric-
ity supply, which can have an impact on the storage of reagents and the time 
to results. During the IPD-ML deployment in Guinea, these obstacles were 
overcome. A generator of 10 KVA was installed which supported the PFHG 
laboratory building. In the event of a breakdown of our generator, our diag-
nostic platform composed of a class III cabinet glovebox, a centrifuge, a Smart 
Cycler and other small bench-top equipment was powered by a system of bat-
teries coupled with solar panels. Moreover, the use of freeze-dried primers and 
probes with good performances at temperatures of 40°C relieved us of energy 
problems.

In addition, it is important to have a differential diagnosis approach in the event 
of an outbreak for rapid management of non-EBOV patients. Indeed, the signs of 
EBOV are often similar to certain diseases such as malaria, typhoid fever, dengue 
that co-circulate in the same geographical areas [27].

During the 2014–2015 EVD outbreak in Guinea, the mobile laboratory run-
ning the Ebola RPA assay was run by local laboratory technicians, a sustainable 
option which provides local capacity for potential future outbreaks. The rede-
ployment and strategic placement of this RPA instrument to complement EVD 
isolation facilities throughout the country has strengthened preparedness and 
response capabilities for future EVD outbreaks in Africa, particularly in West 
Africa [26].

The development of portable mobile platform is crucial for rapid epidemic man-
agement in resource-poor regions. The lessons learned during the Ebola epidemic, 
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overcome. A generator of 10 KVA was installed which supported the PFHG 
laboratory building. In the event of a breakdown of our generator, our diag-
nostic platform composed of a class III cabinet glovebox, a centrifuge, a Smart 
Cycler and other small bench-top equipment was powered by a system of bat-
teries coupled with solar panels. Moreover, the use of freeze-dried primers and 
probes with good performances at temperatures of 40°C relieved us of energy 
problems.

In addition, it is important to have a differential diagnosis approach in the event 
of an outbreak for rapid management of non-EBOV patients. Indeed, the signs of 
EBOV are often similar to certain diseases such as malaria, typhoid fever, dengue 
that co-circulate in the same geographical areas [27].

During the 2014–2015 EVD outbreak in Guinea, the mobile laboratory run-
ning the Ebola RPA assay was run by local laboratory technicians, a sustainable 
option which provides local capacity for potential future outbreaks. The rede-
ployment and strategic placement of this RPA instrument to complement EVD 
isolation facilities throughout the country has strengthened preparedness and 
response capabilities for future EVD outbreaks in Africa, particularly in West 
Africa [26].

The development of portable mobile platform is crucial for rapid epidemic man-
agement in resource-poor regions. The lessons learned during the Ebola epidemic, 
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in particular the development of new equipment and reagents, will allow better 
management of future epidemics.
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Chapter 6

The Emerging Challenges in 
Transmission and Detection of 
Filovirus Infections in Developing 
Countries
Samuel Okware

Abstract

This chapter reviews the emerging challenges in the transmission and detec-
tion of Ebola and Marburg filoviruses since their identification in 1967 and 1976, 
respectively. Five known highly fatal Ebola species are examined. Ebola outbreaks 
comprising of 14 EBOV, 7 SUDV, and 4 BDBV infections are reviewed, including 
the largest West African Ebola outbreak. The ecology of filoviruses and the possible 
interactions with intermediate hosts and reservoirs is also examined. Evidence 
that bats are the principal reservoirs of these infections is reviewed. Surveys raise 
the possibility that other nonhuman primates including dogs may be involved. 
Challenges on the presumed modes of transmission are discussed with a possibility 
of droplet and aerosol routes. The discovery of Ebola virus in pigs and its potential 
impact on the food chain are discussed. The WHO Syndrome Case definition guide-
lines for diagnosis are examined and shortcomings discussed. However, the early 
case detection is undermined by the many tropical diseases with similar symptoms. 
The low positive predictive value for diagnosis based on the antibody antigen assays 
in outbreaks complicates early isolation and action especially in resource con-
strained settings. The chapter suggests improvements and areas for further research 
on the ecology, transmission, and management of filovirus infections.

Keywords: filoviruses, Ebola, Marburg, ecology, reservoirs, transmission, detection

1. Introduction

The filovirus infections are emerging new infections, which pose serious 
public health threats of global dimensions. This filovirus family comprises 
mainly of the Ebola virus and the Marburg virus. Some five species of Ebola 
have been confirmed and includes the Zaire Ebola virus (EBOV), the Sudan 
subtype (SUDV), the Bundibugyo virus (BDBV), the Tai Forest virus (TAFV), 
and the Reston virus (RESTV) [1, 2]. Most of the outbreaks have been caused 
by EBOV and SUDV infections. The TAFV has caused single causality. RESTV 
is associated with asymptomatic infection among nonhuman primates and 
pigs [3]. There is yet no known bat hosts for the Sudan, Bundibugyo, or the Tai 
Forest Ebolavirus.
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The Marburg virus was first isolated in 1967 when laboratory workers in 
Marburg, Germany and Yugoslavia were infected when exposed to imported green 
monkeys from Uganda [4, 5]. Between 1975 and 1997, a few sporadic cases of 
Marburgvirus (Marburg virus and the Ravn virus) were reported in South Africa. 
This was followed in 1980 and in 1987 by sporadic cases in Kenya [1, 4]. Between 
1995 and 1999, small outbreaks of Marburg were reported in the Democratic 
Republic of the Congo. Larger Marburg outbreaks have occurred in the Republic of 
Congo (1998–2000), Angola (2004–2005), and Uganda (2007–2008) [6, 7]. In 2012, 
four more similar outbreaks were reported in Uganda and the Democratic Republic 
of Congo.

The Ebola virus was first identified in 1976 in a major outbreak in 1976. The 
disease was located in Kikwit near Ebola river in the then northern Zaire [8]. At 
the same time, a similar outbreak caused by the Sudan subtype also occurred in the 
current Southern Sudan. Both infections resulted in a high case fatality rate (range 
53–89%). Clinical features include high fever, hemorrhagic manifestations, and 
coagulation defects. Minor outbreaks followed occurring in the Eastern (formerly) 
Zaire in 1977. Some 34 cases also occurred in Sudan in 1979. There were no further 
Ebola outbreaks until 1994. From 1994 to 1997, there were a number of outbreaks 
in DRC, to be followed subsequently by several epidemics between 2000 and 2004 
[9]. In 2000, a large outbreak occurred in Gulu Uganda during which 224 cases and 
173 deaths were confirmed [10]. In 2007, a novel Bundibugyo Ebola virus caused 116 
cases and 39 deaths in Western Uganda [7]. During the same year, a similar outbreak 
occurred in DRC involving 260 cases with 186 deaths. In several instances, the index 
case was linked to eating of bats as food [11, 12]. In 2012, three minor outbreaks 
occurred in Uganda; and one more was reported in the Democratic Republic of 
the Congo. From 2013 to 2015, the largest Ebola outbreak occurred in West Africa 
(Guinea, Sierra Leone, and Liberia). It resulted in 28,652 cases and 15,261 deaths 
affecting heavily the healthcare workers [14]. In May 2018, a new Ebola outbreak 
erupted in the Equateur Province of the Democratic Republic of the Congo and 50 
cases and 25 deaths were reported [13]. In 2019, there is a current ongoing serious 
outbreak of Ebola in the Eastern Democratic Republic of the Congo on the border 
with Uganda and over 1000 deaths have so far been reported by September. A single 
imported case was reported in Western Uganda but was quickly contained. Since 
1976, some 25 Ebola outbreaks were reported and comprised of 14 EBOV outbreaks, 
seven more due to SUDV, and four linked to BDBV infection. In Uganda, some five 
Ebola outbreaks have been confirmed [15], major one in 2000 and four in 2012.

The aim of this chapter is to review the current knowledge on filoviruses as 
emerging infections based on published literature with a focus on Ebola and 
Marburg virus infections and outbreaks. The chapter examines the challenges 
related to their ecology, transmission, and detection, particularly in developing 
countries.

2. Role of bats

The natural history of filoviruses remains rudimentary and largely not well 
understood. The perceived view is that their transmission is a zoonosis linked 
to wild life, particularly bats. Bats have an economic and ecologic impact on the 
environment in several ways depending on their feeding habits as insectivorous, 
frugivorous, or nectarivorous. Bats facilitate plant pollination and the control of 
insects. Bats are also often eaten in parts of Africa. Falling fruits are often a shared 
food resource with nonhuman primates and other animals. During the West 
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African Ebola outbreak, serologic evidence also showed that 31.8% of the dogs 
were infected, but Ebola like symptoms were not detected in dogs [14]. Studies 
suggest that nonhuman primates are equally susceptible. An Ebola outbreak 
occurred among a chimpanzee community in the Tai National Park in Ivory Coast 
[16] suggesting that they may not be reservoirs. Similar epizootics among other 
wildlife have also been documented in Gabon [17]. It is possible that Marburg and 
Ebola persist in hosts that are rare. Recently, a new Ebolavirus called Bombali virus 
(BOMV) was isolated in house dwelling bats in Sierra Leone raising the possibility 
of other transmitters [18]. The persistence and resilience of bats and association 
with most such epidemics remain elusive.

Nonetheless, bats have been recognized as the reservoirs of Ebola. When 
experimentally inoculated with the Ebola virus, the bats got infected but survived 
[19]. Surveys have also detected anti-Ebola IgG antibodies in bats [11]. The 2007 
outbreak of Marburg virus disease in Kamwenge district in Uganda was associated 
with a large colony of bats in Kitaka mine. A survey of bats in the cave revealed 
that 5% of the thousands of fruit bats in the mine were harboring the Marburg 
virus [20]. The presence of Ebola and Marburg virus antibodies in fruit bats [9] 
has also been confirmed. Antibodies against ZEBOV and RESTV have also been 
detected from bats in Indonesia, China, and Bangladesh [21, 22]. Transmission 
risks could be increased during mating, birthing, or in group migration. These 
events are seasonal. Understanding their ecology and habits provides critical 
knowledge on perceived risks associated with seasonality. Indeed some studies 
have revealed that high transmission is associated with birthing [23].

Studies on cross immunity and reactivity amidst circulating filovirus antibod-
ies in bats could evaluate the extent of their asymptomatic status. Studies should 
be done to determine the routes of infection and to assess the viral load in tissues 
of bats and related sources of infection. Little is known about the natural long 
term immunological, pathological, and clinical responses to filovirus infection 
in bats. Studies on immunological responses in bats in their natural settings are 
required to determine the role of bats in harboring and sustaining infection. The 
apparent observed asymptomatic infection despite the viremia and apparent 
immunity in bats needs long-term investigation. There are still gaps in identifying 
routes of viral shedding, seasonality, other animal and probably insect reservoirs 
in the ecology of these viruses. The observed relationships and potential implica-
tions need further exploration of the ecology of the filoviruses in their natural 
hosts.

The geographical range of bats able to be hosts filoviruses is reported to be very 
extensive and geographically very broad. For instance, bats in the Iberian Peninsula 
were reported to have died of viral pneumonia in a cave in Northern Spain (Cueva 
del Lloviu). The cause was reported to be due to a new filovirus named Lloviu virus 
[24]. There are over 1200 species of bats identified globally, of which only a few 
have been screened for filoviruses [21].

3. Challenges in transmission

Epidemiological evidence suggests that the major mode of transmission for 
Ebola and Marburg infections is through direct contact with infected blood or body 
fluids. Nonsterile needles and administration of blood equally pose a potential risks 
especially in low resource settings. Thus, healthcare workers and bed side healthcare 
givers of patients are exposed to exceptional nosocomial risks [7, 25, 26]. Long-term 
persistence of Ebola in semen (up to 179 days) has been shown post recovery. There 
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The Marburg virus was first isolated in 1967 when laboratory workers in 
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four more similar outbreaks were reported in Uganda and the Democratic Republic 
of Congo.
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The aim of this chapter is to review the current knowledge on filoviruses as 
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related to their ecology, transmission, and detection, particularly in developing 
countries.
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insects. Bats are also often eaten in parts of Africa. Falling fruits are often a shared 
food resource with nonhuman primates and other animals. During the West 
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are also reports of Ebola transmission occurring through breast milk of asymptom-
atic individuals during the West Africa outbreak. These observations underscore 
the possible transmission through breast feeding and sexual contact with survivors 
of infection [27, 28]. Large scale outbreaks of Marburg virus have been linked to 
mines and caves [6, 20, 29] suggesting the possibility of other routes of spread. In 
such circumstances, it is not clear whether the routes of infection are via droplets, 
bat excreta, or even the aerosol route. Aerosols are generated from the respiratory 
tract through coughing, breathing, and talking and could cause droplet or airborne 
spread of infection. This could be a rare but important mode of spread of infection. 
However, data on this concept are small and the role of aerosol route emerging as 
a possibility needs to be examined. In addition, the role of fomites in amplifying 
transmission and spread of the infection needs investigation. Additional studies are 
required to segregate the significance of aerosol and droplet transmission. Ebola 
virus has been isolated from saliva and pulmonary alveoli in experimental animals; 
thus, making a case for the droplet transmission. Cough and pneumonitis is a 
symptom of both Ebola and Marburg filovirus disease and further strengthens the 
infection potential via this route as already demonstrated and suggested by RESTV 
experiments with pigs and monkeys. However, it is possible that some patients 
infected with the EBOV West African Strain (Makoma) have higher viral loads 
and infectivity [14]. Further studies are required to determine the dynamics and 
mechanisms for such transmission through indirect contact. There are also reports 
that pigs when infected with Ebola virus can infect the cynomolgus macaques in 
the absence of direct contact. Animal to animal studies have also demonstrated 
fatal infection through inhalation of aerosol and droplets in caged monkeys. Similar 
other animal studies have demonstrated the transmission of Ebola like disease in 
inoculated monkeys [30].

Nonetheless, isolation of patients remains the basis for containing the further 
spread of infection [31]. However, this has not always been perfect in low resource 
settings. In Uganda, it has been reported that 64% of the 31 infected healthcare 
workers got infection after the provision of personal protection measures and 
the establishment of isolation facilities [15]. The inadequacy of training on use of 
personal protection material was postulated as a contributing factor. False assur-
ance and complacency that the general wards were safe could have compromised 
protection. Other victims included support staff like ambulance drivers felt a false 
sense of security since they were not working in the isolation wards. Some of the 
victims worked exclusively in general wards or were support staff like ambulance 
drivers and cleaners. However, there may be other host factors including societal 
obstacles such as special attachment when caring for dear relatives, which accentu-
ated vulnerability to infection.

4. Challenges in clinical detection

Early detection remains vital for prompt action for the control of filoviruses in 
emergencies. Clinical assessment based on symptoms assisted by the laboratory is 
usually applied to identify and manage cases of Ebola of Marburg Virus diseases. 
The WHO case definition guideline is used to categorize “alert,” “suspected,” 
“probable,” or “confirmed” cases. The typical clinical features consist of high fever 
of sudden onset in a contact. This is usually associated with cough, diarrhea, and 
bleeding manifestations and the patient quickly dies within days due to shock 
and multi organ failure. The challenge, however, is the presence of many tropical 
diseases that mimic this syndrome. Malaria for instance is endemic in Equatorial 
Africa, where most outbreaks occur. The sensitivity and specificity of the clinical 
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case definition as well as its positive predictive value is largely unknown from 
outbreak to the other. Confirmation based on laboratory ELISA and antigen tests 
equally has a very low positive predictive value of less than 50% [15]. This may be 
compounded further by a significant presence of Ebola and Marburg IgG antibodies 
among asymptomatic individuals in the rain forests of Central Africa. Sero-surveys 
in some countries in Equatorial Africa reveal that the Ebola virus IgG prevalence 
was 5.3% while for Marburg it was 2.4%. The pigmy population had a significantly 
higher IgG prevalence of 7.02% [32]. An even high ZEBOV specific seroprevalence 
of 19.4% was found near the rain forests in the Demographic Republic of the Congo 
[33]. Surveys in identified populations in Equatorial Africa have revealed significant 
prevalence of Ebola IgG antibodies among asymptomatic individuals [9, 33–35]. 
This suggests some cross-reactions or past mild infection with diverse filoviruses. 
The observation probably suggests frequent contact between human and less 
virulent strains. Thus, the management of outbreaks including the identification 
and isolation, discharge and care has real limitations. Therefore, it is desirable 
to concurrently determine the sensitivity and the specificity of these detection 
methods during ongoing outbreaks and refine the case definition. More sensitive 
noninventive methods of detection to support surveys in wildlife would support our 
understanding of the natural course of filovirus illness.

5. Challenges to food security

Food security is an issue to consider in view of the reported filovirus infection 
in pigs and bats. In some parts of Africa, bats are often eaten and fruits are a shared 
food source with wild animals. It has been reported that the Ebola virus has been 
found in frugivorous bats. These bats if they come into close contact with humans 
through the fruits such as coconuts, a shared food source, could pose a potential 
danger. Marburgvirus has also been isolated from orangutan primates in Indonesia 
[36]. Isolates of Ebola virus from wild apes also reveal genetic lineage and recom-
binants [37]. This interface makes it possible for the infection to be acquired from 
these suspected intermediate hosts or reservoirs. Infection to susceptible humans 
through the primary or intermediate reservoirs such as chimpanzees, pigs, and 
duikers or directly through the food source may contaminate the food chain and 
propagate the infection. The role of other suspected reservoirs including arthropod 
vectors, rodents, and plants [19, 38] while unlikely is unknown and should be 
studied.

6. Conclusion

Filoviruses are emerging infections that present considerable challenges in 
understanding their elusive ecology, transmission, and reservoirs particularly 
bats. Direct contact with infected blood and body fluids remains the major mode 
of transmission of both viruses. The discovery of new subtypes of Ebola and other 
viruses shows increasing diversity in the evolution of these viruses. The ecology 
and the evolving dynamics of these viruses need to be examined to identify those 
other related hosts and viruses. While it is generally accepted that the filoviruses are 
transmitted through direct contact, there is evidence that respiratory transmission 
through aerosols and droplets can be considered in massive outbreaks. While we 
also know that transmission does not place before symptoms emerge, additional 
data should refine the exact onset of infectiousness. The virus may be shed for 
some months post recovery through semen and breast milk among survivors. 
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case definition as well as its positive predictive value is largely unknown from 
outbreak to the other. Confirmation based on laboratory ELISA and antigen tests 
equally has a very low positive predictive value of less than 50% [15]. This may be 
compounded further by a significant presence of Ebola and Marburg IgG antibodies 
among asymptomatic individuals in the rain forests of Central Africa. Sero-surveys 
in some countries in Equatorial Africa reveal that the Ebola virus IgG prevalence 
was 5.3% while for Marburg it was 2.4%. The pigmy population had a significantly 
higher IgG prevalence of 7.02% [32]. An even high ZEBOV specific seroprevalence 
of 19.4% was found near the rain forests in the Demographic Republic of the Congo 
[33]. Surveys in identified populations in Equatorial Africa have revealed significant 
prevalence of Ebola IgG antibodies among asymptomatic individuals [9, 33–35]. 
This suggests some cross-reactions or past mild infection with diverse filoviruses. 
The observation probably suggests frequent contact between human and less 
virulent strains. Thus, the management of outbreaks including the identification 
and isolation, discharge and care has real limitations. Therefore, it is desirable 
to concurrently determine the sensitivity and the specificity of these detection 
methods during ongoing outbreaks and refine the case definition. More sensitive 
noninventive methods of detection to support surveys in wildlife would support our 
understanding of the natural course of filovirus illness.

5. Challenges to food security

Food security is an issue to consider in view of the reported filovirus infection 
in pigs and bats. In some parts of Africa, bats are often eaten and fruits are a shared 
food source with wild animals. It has been reported that the Ebola virus has been 
found in frugivorous bats. These bats if they come into close contact with humans 
through the fruits such as coconuts, a shared food source, could pose a potential 
danger. Marburgvirus has also been isolated from orangutan primates in Indonesia 
[36]. Isolates of Ebola virus from wild apes also reveal genetic lineage and recom-
binants [37]. This interface makes it possible for the infection to be acquired from 
these suspected intermediate hosts or reservoirs. Infection to susceptible humans 
through the primary or intermediate reservoirs such as chimpanzees, pigs, and 
duikers or directly through the food source may contaminate the food chain and 
propagate the infection. The role of other suspected reservoirs including arthropod 
vectors, rodents, and plants [19, 38] while unlikely is unknown and should be 
studied.
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Filoviruses are emerging infections that present considerable challenges in 
understanding their elusive ecology, transmission, and reservoirs particularly 
bats. Direct contact with infected blood and body fluids remains the major mode 
of transmission of both viruses. The discovery of new subtypes of Ebola and other 
viruses shows increasing diversity in the evolution of these viruses. The ecology 
and the evolving dynamics of these viruses need to be examined to identify those 
other related hosts and viruses. While it is generally accepted that the filoviruses are 
transmitted through direct contact, there is evidence that respiratory transmission 
through aerosols and droplets can be considered in massive outbreaks. While we 
also know that transmission does not place before symptoms emerge, additional 
data should refine the exact onset of infectiousness. The virus may be shed for 
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The possible amplification of transmission by domestic or wild animals during 
the massive West African outbreak sheds some light on the role of such animal to 
human interface. The possibility of Ebola and Marburg entering the food chain and 
compromising safety should be assessed especially in pork and pork products. Case 
detection of index cases in emergencies presents a real challenge in low resource 
settings. The case definition of diagnosis and algorithms for management should 
be refined and validated regularly to improve on the positive predictive value of 
screening tests.

A global strategy for surveillance of filoviruses is required for a coordinated 
worldwide strategy and response that will mitigate the global impact of future out-
breaks. Disease management needs evidence from ecological studies and prevention 
and control strategies should adopt One Health concept, which integrates animal and 
human health interventions to support early detection, surveillance, prevention, and 
control.
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