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I. INTRODUCTION 

Filoviruses are among the most pathogenic of human viruses. They 
are classified as “Biological Level 4” agents (WHO; Risk Group 4) based 
on their high mortality rate, person-to-person transmission, potential 
aerosol infectivity, and absence of vaccines and chemotherapy. Maxi- 
mum containment is required for all laboratory work with infectious 
material (1, 2). Yet, we are only beginning to understand the interac- 
tions of these viruses with their host, and our knowledge on genetics, 
pathogenicity, and natural history is still limited. Even though out- 
breaks among human and nonhuman primates to date have always 
been self-limited, it is because of our ignorance about the natural 
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reservoir, the potential of these viruses to be transmitted by aerosol, 
and the lack of immunoprophylactic and chemotherapeutic measures 
that these infections are of great concern to biomedical scientists. 
Imported monkeys and international travel, especially rapid travel 
within the incubation time, are considerable risk factors for introduc- 
tion of filovirus infections into nonendemic countries. Limited knowl- 
edge of the epidemiology and clinical picture of filovirnl hemorrhagic 
fever (HP) and inexperience in diagnosing cases and in case inanage- 
ment magnify the danger of an  introduction. 

Filoviruses, like other RNA viruses, presumably have a potential for 
rapid evolution due to an inherently high error rate of the virus- 
encoded polymerase and a lack of repair mechanisms (3). The come 
quence may be a spectrum of genetic variants that are selected by the 
host for different transmissibility, virulence, and other biological 
properties. Changes in socioeconomic structure, such as an increase in 
human population, increase in speed, variety, and frequency of travel, 
and disruption of social structures may augment the development of 
mutant virus populations and the probability of a filovirus emerging as 
a truly serious public health problem (4). 

11. EPIDEMIOLOGY OF FILOVIKUSES 

A. Outbreaks 

1. Marburg Hemorrhagic Fever 

Hemorrhagic fever caused by the Marburg virus first emerged in 
1967 (Table I). The epidemic started in mid-August with three labora- 
tory workers in a pharmaceutical factory in Marburg, Federal Republic 
of Germany, who became ill with a hemorrhagic disease after being 
engaged in processing organs from African green monkeys (Cercopithecus 
aelhiops). In the course of the epidemic 17 more patients were admit- 
ted, and two medical staff members became infected while attending 
the patients in the hospital. In November, the last patient was adniit- 
ted who apparently had been infected by her husband during the con- 
valescent period ( 5 ,  6). Six more cases, including two people with sec- 
ondary infections, occurred in Frankfurt, Federal Republic of Germany, 
who apparently developed the disease at  the same time (7, 8). Addi- 
tional cases occurred in September in Belgrade, Yugoslavia: a veteri- 
narian, who became infected while performing an autopsy on dead 
monkeys, and his wife, who nursed him during the first days of the 
illness (9). In all, there were 31 cases, including six secondary cases, 
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and there were seven deaths (Tables I and 11) (10). Serologic data ob- 
tained some years after the epidemic suggest an additional primary 
case in Marburg during the 1967 outbreak (W. Slenczka, unpublished 
data) (Table 11). The infective agent was introduced by infected monkeys 
imported from Uganda, among which a few originally infected animals 
were probably responsible for the whole episode (Fig. 1). Numbers on 
hemorrhagic disease and death among the monkeys from the single 
shipment from Uganda have never been published, but all African 
green monkeys experimentally inoculated with the virus died (11). 
Aerosol transmission during the epidemic is very unlikely and infec- 
tion from monkey to man occurred by direct contact with blood or organs 
of the animals, including tissue culture (Table 11). 

Marburg virus (MBG) remained an obscure medical curiosity until 
1975, when three cases of Marburg hemorrhagic fever were reported 
from Johannesburg, South Africa (Table I; Fig. 1) (12). The index pa- 
tient was a man who had traveled in Zimbabwe shortly before becom- 
ing ill. Seven days after onset of his illness, his traveling companion 
became ill, followed by a nurse who came down with the symptoms 7 
days after contact with the second patient. The index case patient died 
12 days after onset of the disease, whereas both patients secondarily 
infected survived. The last two episodes occurred in 1980 and 1987 in 
Kenya (Table I; Fig. 1). The index patient in 1980 became ill in western 
Kenya and died in Nairobi. An attending physician became infected but 
survived. Further spread was prevented, presumably by use of barrier 
nursing procedures (13). In 1987, a single fatal Marburg case was 
reported in western Kenya, near where the index patient in the 1980 
episode had become infected (E. D. Johnson, unpublished). 

2. Ebola Hemorrhagic Fever 

Hemorrhagic fever caused by Ebola virus (EBO), another filovirus, 
emerged in 1976, when two epidemics occurred simultaneously in 
Zaire and Sudan (Table I). The agent was isolated from patients in both 
countries and named after a small river in northwestern Zaire. In June 
and July the first cases were reported from Nzara in western Equa- 
toria Province of southern Sudan, a small town bordering the African 
rain forest zone (Fig. 1). The outbreak was strongly associated with 
index cases in a single cotton factory in town, and spread was to close 
relatives (67 cases). The epidemic was intensified by the spread of 
cases to neighboring areas, Maridi, Tembura, and Juba. High levels of 
transmission occurred in the hospital of Maridi, a teaching center for 
student nurses (213 cases). Despite the similarities of the clinical 
diseases and mortality rates, the epidemic in Nzara differed from the 



TABLE I 

OUTBRE4KS OF FILOVIRAL HEMORRHAGIC FEVXRU 

Location Year Viruslsubtype Cases (mortality) Epidemiology b 

GermanylYugoslavia 

Zimbabwe 

4 Southern Sudan 

Northern Zaire 

Tandala, Zaire 

Southern Sudan 

Kenya 

Kenya 

1967 Marburg 

1975 Marburg 

1976 EboldSudan 

1976 EbolalZaire 

1977 EbolalZaire 

1979 EboldSudan 

1980 Marburg 

1987 Marburg 

32 (23%)' 

3 (33%)d 

284 (53%)' 

318 (88%)' 

1 (lOo%)g 

34 (65%)h 

2 (50%)l 

1 (100%)' 

Imported monkeys from Uganda source of most 

Unknown origin: index case infected in Zimbabwe; 
secondary cases were infected in South Africa 

Unknown origin; spread mainly by close contact; 
nosocomial transmission and infection of medical 
care personnel 

Unknown origin; spread by close contact and by use 
of contaminated needles and syringes in hospitals 

Unknown origin; single case in  missionary hospital; 
other cases may have occurred nearby 

Unknown origin; recurrent outbreak a t  the same 
site as  the 1976 outbreak 

Unknown origin: index case infected in western 
Kenya died; a physician secondarily infected 
survived 

Unknown origin; expatriate traveling in western 
Kenya 

human infections 



USA 1989 EbolaReston 4 (O%)k Introduction of virus with imported monkeys from 
the Philippines; four humans asymptomatically 
infected 

Italy 1992 EbolalReston 0 (O%$ Introduction of virus with imported monkeys from 
the Philippines; no human infections associated 

Ivory Coast 1994 Ebola/(Ivoi-y Coast?) 1 (0%)" Contact with chimpanzee; single case 
Kikwit, Zaire 1995 Ebola/Zaire 315 (77%)n Unknown origin; course of outbreak as in 1976 
Gabon 1995/96 Ebola 37 (57%)O Contact with chimpanzee 

a Beside the well-documented episodes listed in this table two more suspected fatal and two nonfatal cases of Ebola hemorrhagic fever 
including a laboratory infection have been reported (165, 167, 168). 

Subtypes of Marburg are not classified. 
(127), numbers include a primary case which was diagnosed some years after the epidemic w. Slenczka, unpublished data). 
(12). 
(22). 
(23) 
(166). 

UI 

(25). 
h 

' (13). 
' E. D. Johnson, unpublished data. 

(29, 30). 
(40). 1 

"(26). 
(27, 28). 
(169). 



TABLE I1 

DISTRIBUTION OF CASES BY TRWSMISSION ROUTE DURISG FOUR h ' k J O R  EPIDEMICS 

Germany1 
Transmission type Yugoslavia. 19G'ia Sudan, 197Gb Zaire. 1976' Sudan. 197gd 

____ _ _ _ _ _ _ _ . _ _ _ ~ - ~ .  

Nosocomial 4 (12.5?,4 6 (2.1%) 85 (,26.7%) 4 (11.8%) 

Person-to-person 1(3.1%) 231 (81.3%) 149 (46.9%) 27 (79.4%) 

Nosocomial or person-to-person l(3.106) 18 (G.3YO) 43 (13.5%) - e 

- Contact with infected monkeys 26 (81.3?/a)' - - 

- - 11 (3.5%) - Neonatal 

Unknown - 29 (10.2%) 30 (9.4%) 3 (8.8%) 

IIbtal number of cases 32 (100%) 284 (100%) 318 (100%) 34 (100%) 

Total number of deaths (mortality) 7 (21.9%) 131 (53.2%) 280 (88.1%) 22 (64.70.;) 

Based on (127). 
Based on (22). 
Based on (23). 
Based on (25). 
-, no data available. 
Including one primary case which was diagnosed some years after the epidemic m. Slenczka, unpublished data). 
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FIG. 1. Epicenters of hemorrhagic fever caused by filoviruses. Shown are the coun- 
tries Kenya, Sudan, Uganda, and Zaire. The centers of the three major outbreaks of 
hemorrhagic fever caused by Ebola viruses are marked by black zones (Nzara, Maridi, 
and Juha, 1976 [22, 24, 251; Yambuku, 1976 [23]; Kikwit, 1995 [27, 281). Another black 
zone (Mount Elgon) indicates the region in which two index cases of Marburg hemor- 
rhagic fever became infected (1980, 1987) (13; E. D. Johnson, unpublished data). Acen- 
tral holding station for wild-caught monkeys in the late 1960s was located near Entebbe 
a t  Lake Victoria. Infected vervet monkeys were shipped from here to Germany and 
Yugoslavia in 1967 (127). Three more episodes of filoviral hemorrhagic fever are indi- 
cated in the inset (gray): Marburg (Zimbabwe) 1975 (12), Ebola (Ivory Coast) 1994 (26), 
and Ebola (Gabon) 1995196 (169). 

one in Maridi. The Nzara outbreak involved factory workers and their 
close relatives whereas in Maridi the hospital served as both focus and 
amplifier of the infection. The outbl-eak lasted until November, during 
which time approximately 15 generations of person-to-person trans- 
missions occurred (Table 11). Transmission of the disease required close 
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contact with an acute case and was usually associated with nursing 
patients. The overall secondary attack rate was 12% and documented 
the relatively slow rate of spread into the community once out of the 
hospital. In toto there were 284 probable and confirmed cases involved 
with 151 deaths (53%) (Tables I and 11). 

By the end of August a second epidemic started in equatorial rain 
forest areas of northern Zaire (Fig. 1). Adirect link between the two epi- 
demics has always been discussed but never been verified. In total there 
were 318 probable or confirmed cases and 280 deaths (88%) (Tables I 
and 11). The presumed index case came to Yambuku Mission Hospital 
for treatment of acute malaria, where he received an injection of chlor- 
oquine. It remains unclear whether this man was the source of the 
epidemic or became infected by the injection. Most persons acquired 
the disease following contact with patients, but for more than 25% the 
only risk factor elucidated was receipt of injections at  Yambuku 
Mission Hospital (Table 11). Nearly all survivors were infected by 
person-to-person contact. All ages and both sexes were affected, but the 
highest incidence was in women aged 15-29 years, who were fre- 
quently patients attending antenatal and outpatient clinics a t  the hos- 
pital. Although transmission was focused in the outpatient clinics of 
the hospital, there was subsequent dissemination in surrounding 
villages to people caring for sick relatives, attending childbirth, or 
having other forms of close contact. The secondary attack rate was 
approximately 5% overall but about 20% in close relatives of a patient. 
The epidemic, which lasted from the end of August until the end of 
October, spread relatively slowly in the epidemic area, and ail infected 
villages (55; population <5000) were within 60 km of Yambuku. 

Establishment of strict barrier nursing and classic public health 
principles, identification and isolation, was successful in controlling 
both epidemics. The spread by contaminated syringes and needles in 
Yambuku almost completely terminated when the hospital closed. The 
episode in Nzara died out spontaneously (14-23). 

In 1979, Ebola hemorrhagic fever reemerged in Nzara and Yambio, 
which are located in the remote savanna of southern Sudan, near the 
border with Zaire (Table I; Fig. 1). The index case, a 45-year-old man, 
was admitted to the Nzara hospital with fever, vomiting, and diarrhea. 
He developed gastrointestinal bleeding and died 3 days postadmission. 
The index case worked in the same textile factory cited as  the source of 
the 1976 outbreak in Sudan. The outbreak (July 31 to October 6, 1979) 
started from the hospital, where the index case patient was responsible 
for four nosocomial infections, which in turn led to disease in 5 fami- 
lies. Thirty-three cases could be traced to a human source of infection, 
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with 22 fatalities (65% mortality) (Tables I and 11). Seven generations 
of virus transmission were estimated and mortality changed from 89% 
in the first four generations to 38% in the last three. Studies within the 
families confirmed reports from previous outbreaks (Sudan and Zaire, 
1976) suggesting that Ebola virus is not easily transmitted and contact 
with body fluids of a patient is needed. Again, the hospital appeared to 
be the important focal point for dissemination (24, 25). 

3. New Emerging and Reemerging of Ebola Hemorrhagic 
Fever in Africa 

Two disease episodes of mortality were noticed among a group of 
chimpanzees in 1992 (8 deaths) and 1994 (12 deaths). The chimpan- 
zees were objects of a 15-year observation by ethologists in the Tai 
National Park in western Ivory Coast. Several of the dead animals 
showed signs of hemorrhages, and one of the animals was autopsied in 
the field. A 34-year-old woman developed a dengue-like syndrome 8 
days after performing the autopsy. She was admitted to the hospital in 
Abidjan 2 days later with continuing fever resistant to antimalarial 
treatment, diarrhea, and pruritic rush. Evacuation to Switzerland fol- 
lowed 5 days later when she developed a syndrome similar to that 
described for surviving Ebola-infected patients; she recovered without 
sequelae. An infection with an Ebola virus was confirmed by isolate- 
specific IgM and IgG antibodies, Ebola-Zaire-specific IgG antibodies, 
antigen-capture ELISA, reactivity to an Ebola serotype-specific mono- 
clonal antibody, and virus isolation. Contact with infectious blood and 
tissues during the necropsy was considered to be the most likely source 
of the human infection. Organs of the dead chimpanzee were studied 
by immunohistochemistry and the findings were similar to those seen 
in material of the 1976 Ebola outbreaks and experimentally infected 
monkeys with Ebola virus. None of the persons in contact with either 
the case patient or the material of the chimpanzee tested antibody- 
positive (Table I; Fig. 1) (26). 

Ebola hemorrhagic fever reemerged in Zaire in 1995. The first iden- 
tified case related to the outbreak suffered an onset of illness on Janu- 
ary 6, 1995 (Table I; Fig. 1). Until August 24, the official end of the 
epidemic, 315 cases had occurred, of which 244 died (77%). The center 
of the epidemic was Ktkwit and the surrounding areas in Bandundu 
region in southwestern Zaire. The first case a t  Kikwit General Hos- 
pital was a male laboratory worker who had previously been admitted 
to Kikwit 2, a smaller second hospital in town. A laparotomy was per- 
formed after a differential diagnosis of typhoid fever with intestinal 
perforation. This was followed by a second laparotomy which showed 
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massive intraabdominal hemorrhage; the patient died 3 days later. 
Four days after the first laparotomy the first case among medical staff 
members occurred, with fever, headache, muscle aches, and hemor- 
rhages. About three quarters of the first 70 patients were health care 
workers. The actual epidemic started within the hospitals. Prior to this 
time, cases had been sporadic. The major risk factors have been patient 
care in hospitals and households and preparation of bodies for burial. 
This is reflected by the fact that 26% of the cases with known profes- 
sional occupation were medical staff members or students and 21% 
were housewives. During the course of surveillance, several chains of 
deaths have been identified which were traced as far back as late De- 
cember 1994. The chain of the presumable index case, a charcoal 
worker, involves 7 out of 12 persons living in his household (27, 28). 

An outbreak of Ebola hemorrhagic fever occurred in the village of 
Mayibout 11, Makokou Health District, Ogooue-Ivindo Province, Gabon. 
It was linked to  a chimpanzee found dead in the forest. A total number 
of 37 cases were diagnosed (mortality 56.8%) and 21 cases were di- 
rectly exposed t o  the dead chimpanzee. A strain of Ebola virus was 
isolated from patient samples (169). 

4. Reston Hemorrhagic Fever 

In 1989, veterinary staff in a primate import quarantine facility in 
Reston, Virginia noted numerous deaths in cynomolgus monkeys in one 
animal room and suspected simian hemorrhagic fever (SHF) (Table I). 
Samples tcsted in the virus laboratory yielded SHF, but a filovirus 
closely related to Ebola was also isolated from those monkeys; the 
agent was called Ebola Reston (29-31). These cynomolgus monkeys 
(Macaca fascicularis) were imported from the Philippines. Shipments 
arrived either via Amsterdam or directly from the Philippines via the 
Pacific Ocean. No link to African or animals of other continents could 
be established on any route, so the presumption prevails that this new 
Ebola virus isolate is of Asian origin. The role of SHF in initiating or 
propagating the epidemic is unknown, hut the filovirus was found to be 
pathogenic for monkeys under experimental conditions. Filoviral anti- 
gen and particles were found in tissues of naturally and experimen- 
tally infected monkeys in close anatomic relationship to the pathologic 
lesions (30-33). The epizootic occurring in monkeys spread through 
affected rooms by droplet contact with adjacent cages or to distant 
cages and different rooms by larger droplets and/or small-particle aero- 
sols (34, 35) .  An airborne route of transmission was supported by the 
prominent respiratory involvement of the infected monkeys. Spread of 
the disease to other rooms of the facility lead to  a decision to euthanize 
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all the monkeys in the building. Resumption of importation of monkeys 
led to new outbreaks of disease; subsequent investigation traced the 
source to a single source in the Philippines that was thought to have 
furnished all identified infected shipments, including monkeys sent to 
facilities in Texas and Pennsylvania (36). Four animal handlers a t  the 
quarantine facility became infected as judged by serological tests and, 
in one case, virus isolation. All four had high levels of daily exposure, 
but except for one, who cut himself while performing a necropsy, the 
mode of transmission is unclear (37-39). None of them had an unex- 
plained febrile illness, suggesting that this virus may be less pathogenic 
for humans than previously known filoviruses, which have resulted in 
significant disease and mortality rates ranging from 22 to 88%). How- 
ever, these observations should not be interpreted as assuring that this 
virus is not virulent for humans. 

There is evidence that the outbreak in 1989 was not confined to the 
Reston facility, but occurred also in a branch in Munster, Germany, of 
the same company. However, since material has not been made avail- 
able for laboratory diagnosis the nature of this agent remains uncertain. 

In 1992, cynomolgus monkeys were imported into Italy from the 
same holding compound in the Philippines that exported the monkeys 
causing the 1989-1990 epizootic (Table I). Ebola Reston virus was iso- 
lated from three monkeys which died, and the remaining animals were 
sacrificed thereafter. No illness in associated humans has been re- 
ported (40). Reportedly, in 1991 monkeys were eliminated from the 
holding facility and cages disinfected. Thus, the virus either had per- 
sisted or was reintroduced by a similar mechanism as led to the 1989- 
1990 epizootic. Since the facilities in the Philippines were extensively 
cleaned following the first episode and since the isolated virus belonged 
to  the EBO Reston subtype, it appears that reintroduction occurred 
from wild-caught animals of the same or a distinct endemic area. 

Evidence for ongoing epizootic disease and transmission among cap- 
tured monkeys at the export facility in the Philippines, which was the 
source of several shipments to the United States (1989-1990) and the 
shipment to  Italy (1992) that contained infected monkeys, was demon- 
strated in 1990 and 1993. In 1990, filoviral antigen was detected by 
ELISA in 52.8% of dead monkeys from this facility in contrast to none 
in the dead monkeys from another facility in the Philippines. The in- 
vestigation suggested that the type of holding cage was important in 
transmission, since being in a gang cage at  the time of the initial sero- 
survey was a significant risk factor for subsequent infection (36). In the 
summer of 1993, high titered ELISA antibodies were present in monkeys 
held at that facility, but no evidence of viral antigen was found. Monkeys 
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imported from the facility into the United States in 1993 had stable 
TgG titers, suggesting infection in the recent past but not during quarantine 
(4). Even so, the original source remains unknown. It seems likely that 
naturally infected wild monkeys captured in the Philippines are the 
source of introduction. 

B. Reservoir 

Serological studies suggest that filoviruses are endemic in many coun- 
tries of the Central African region (Fig. 2) (41-53). Recent serosurveys 
in other countries, such as Germany and the United States (54, 55), 
using several different techniques, suggest that filoviruses might also 
be endemic in those countries. Serological studies in relation to the 
EBO Reston outbreak indicated filovirus activity in the Philippines 
(Fig. 2). Although, as already mentioned, serological data based on IFA 
alone are of limited reliability, they at  least suggest that subclinical 
infections caused by known or unknown filoviruses may occur and may 
be more common than expected. At this point, however, one has also to 
consider that filoviruses are members of the order Mononegavirales. 
This order includes many common human viruses that could be re- 
sponsible for serological cross-reactivities, 

MBG and subtypes Sudan and Zaire of EBO appear to be indigenous 
to the African continent, and both EBO subtypes have been isolated 
from human patients only in Africa. MBG has been isolated from human 
patients in Africa and Europe. The origin of the European cases could 
be traced back to foci in Uganda where vervet monkeys compounded in 
Entebbe (central holding station at  Lake Victoria) were imported to 
Germany and Yugoslavia (Fig. 1). Complement-fixing antibodies were 
found in sera from some monkeys originally trapped near Lake Kyoga, 
the main area where vervet monkeys had been captured since the 
establishment of the trade in 1962. The finding of antibodies in three 
monkey trappers indicates that human infection may have occurred in 
Uganda during that time. However, all titers observed were weak, and 
an agent has never been isolated from the blood of a wild-trapped 
monkey or a monkey trapper (10, 56). Both index case patients of the 
episodes of MBG hemorrhagic fever in Kenya (1980/1987) had traveled 
in Mount Elgon region (Fig. 1). This region is not far from the shores of 

Frc:. 2. l’revalence of filovirus-reactive antibodies. Key: black, countries that have 
been subject to publishcd scrosurveys based mainly on IFA; gray, countries that have 
been subject to serosurveys based on different techniques. For references see Section II,B 
and reference list. 
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Lake Victoria and thus is close to  the trapping place (Lake Kyoga, 
Uganda) and holding station (Entebbe, Uganda) of the monkeys that 
initiated the 1967 outbreak in Europe. One of the index cases had 
visited a cave (Kitum Cave) in that area shortly before becoming ill. 
Serological studies in this area, however, again failed to uncover the 
source of the virus. These studies included an extensive investigation 
of many animal species inhabiting the cave, including bats (E. D. 
Johnson, unpublished). Bats inhabiting buildings of a textile factory 
have also been considered as a potential source of the index cases of the 
1976 and 1979 outbreaks of EBO hemorrhagic fever in southern Sudan. 
The geographical origin of both epidemics is less than 1000 km north- 
west of T,ake Victoria and Mount Elgon (Fig. 1). A potential source for 
the 1976 Zairian outbreak has never been found, but a link to the simul- 
taneous epidemic in Sudan has been discussed. These data strongly 
suggest an endemic focus for filoviruses in the equatorial rain forest 
arcas of southern Sudan, northern Zaire, Uganda, and Kenya (Fig. 1). 

The EBO Reston outbreak suggested for the first time the presence 
of a filovirus in Asia. Serological studies (IFA) among captive macaques 
in the Philippines indicated that the source of EBO Reston might bc 
wild nonhuman primates. However, IFA-detected antibodies seem to be 
spurious, and latent infection in nonhuman primates has never been 
observed (57). Epidemiological data obtained in association with the 
1994 Ivory Coast case suggested an Ebola epizootic among a group of 
chimpanzees as the cause of death. The pathogenicity of filoviruses, espe- 
cially of EBO suhtypes Sudan and Zaire and MBG, for nonhuman pri- 
mates, however, does not support the concept of a reservoir in monkeys. 

The reservoir of filoviruses remains a mystery. Many species have 
been discussed as possible natural hosts; however, no nonhuman ver- 
tebrate hosts or arthropod vectors have yet been identified. The high 
frequency of false-positives, especially when the EBO IFA is used, has 
contributed to the difficulties in finding the true reservoir for filo- 
viruses. Filoviruses resemble “Old World arenaviruses in several inter- 
esting biological properties, such as resistance to the antiviral effects of 
interferon, lack of in viuo neutralization, and lack of protection by con- 
valescence sera. Arenaviruses cause chronic viremic infection in their 
rodent reservoirs. Thus, chronic infection of a mammal has to be con- 
sidered as a mechanism that regulates survival of filoviruses in nature. 

C, finrismissioit 

Person-to-person transmission by physical contact with case pa- 
tients is the main route of infection in human outbreaks (Table 11). 
Activities such as nursing and preparing bodies for burial are espe- 
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cially associated with an  increased risk of becoming infected. During 
the EBO outbreaks in 1976 and to some extent 1995, nosocomial trans- 
mission via contaminated syringes and needles was a major problem. 
Transmission does not seem to be efficient, as documented by secon- 
dary attack rates which on average rarely exceeded 12%. Thus, extreme 
care should be taken with blood, secretions, and excretions of infected 
patients. Sexual transmission has been described for MBG (58) and neo- 
natal transmission has been reported for the 1976 outbreak in Zaire (16). 
Based on experience of the former episodes, isolation of patients and 
use of strict barrier nursing procedures (e.g., protective clothing, res- 
pirator) are sufficient to interrupt transmission. Transmission by drop- 
lets and small-particle aerosols has been observed among experimentally 
infected (MBG) and quarantined imported monkeys (EBO RES, 1989- 
1990) (34, 59, 60). This is confirmed by identification of filovirus parti- 
cles in alveoli of naturally and experimentally infected monkeys (33, 34, 
61, 62) and human post mortem cases (63). However, the contribution of 
aerosol transmission to the course of human outbreaks is still unknown. 

D. Molecular Evolution 

The family Filoviridae has been constituted on the basis of unique 
morphologic, morphogenetic, physicochemical, and biological features 
of its members (64). Filoviruses can be separated into two types, which 
are clearly distinguished by the features listed in Table 111. In general, 
the MEG viruses seem to be unique without known subtypes, but a t  least 
two different genetic lineages coexist (65). EBO, however, can be sub- 
divided into at  least three subtypes: Zaire, Sudan, and Reston (66-69). 
Molecular characterization of the Ivory Coast virus revealed a novel 
lineage, suggesting a fourth subtype of EBO (Fig. 1) (69). There is a 
lack of antigenic cross-reactivity between the types, but the subtypes of 
EBO share common epitopes (68, 70). Nucleotide sequence comparison 
among MBG and EBO shows only scattered similarities, which is in 
contrast to the similarities seen among amino acid sequences of struc- 
tural proteins (71-73). This finding indicates that these agents may 
have diverged at  some point in the distant past. A distinction within 
the EBO type is based on earlier peptide and oligonucleotide mapping 
(74, 75) and has been confirmed by recent sequence analysis of the 
glycoprotein genes. That study showed all four subtypes to differ from 
one another to a comparable extent: 37-41% nucleotide differences (69). 
This suggests that filoviruses have evolved into specific niches and 
may reflect a similar divergence in the natural hosts, assuming they 
have coevolved. Genetic variability seen among different virus isolates 
of one subtype seems to be much less than for some other RNA viruses. 
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TABLE I11 

CHARACTERISTICS OF MAltBURc AND EBOLA TYPES OF FILOVIRUSES 

Features 
~ ___- .  . -  

Serological cross-reactivity to other type 
Subtypes 
GI ycoprotein (SDS-PAGE)c 
Terminal sialylation of carhohydratesd 
Nucleoprotein (SDS-PAGE) 
Nonstructural proteins 
Editing 
Gene overlaps 
Overlapping ORF' in gene 2 

Qpe Marhurg 

NO 
la 

About 170 kDa 
No 

About 95 kDa 
N O  

NO 
l g  

Yes 

___- 
Type Ebola 

No 

About 140 kDa 
Yes 

About 105 kDa 
1' 

3h 

Yesf 
> l h  
No 

Qpe Marburg: subtype Marburg. 
Type Ebola: subtypes Zaire, Sudan, Reston. 

By propagation of viruses in Vero E6 and MA-104 cells (monkey kidney cell lines). 

Gene 4. 
Between VP30 and VP24. 
Between VP35 and VP40, GP and VP30, and VP24 and L (Ebola, subtype Zaire). 
ORF, opening reading frame. 

' SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis. 

' Small glycosylated protein encoded by gene 4. 

h 

i 

In particular, the close genetic relation of the two Zairian isolates from 
1976 and 1995, with less than 1.6% difference in the GP gene (69), 
suggests that filovirus variants may not emerge as rapidly in nature. 

Molecular analyses of the genomes clearly demonstrated that filo- 
viruses are the closest relatives to Rhabdoviridae and Paramyxoviri- 
dae (Fig. 3). All nonsegmented negative-stranded (NNS) RNA viruses 
share a similar genome organization, with conserved regions a t  both 
ends encoding the core and L proteins surrounding a variable part in 
the middle encoding the envelope proteins (Fig. 3B). Filovirus genomes 
are more complex than those of lyssaviruses and vesiculoviruses and 
align organizationally more closely to members of the genera Para- 
rnyxovirus and Morbillivirus. This relationship is confirmed on the 
amino acid level, as demonstrated for the nucleoproteins and poly- 
merases (L proteins) (67, 71). Transcription and replication of all NNS 
RNA viruses, including filoviruses, follow common principles, such as 
(i) helical ribonucleocapsid complex as the functional template for 
synthesis of replicative and messenger RNA, (ii) transcription of 
messenger RNAs by sequential interrupted synthesis from a single 
promoter at the 3' genomic end, (iii) replication via a full-length anti- 
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FIG. 3. (A) Genome organization of filoviruses. Filoviral genomes consist of a single, 
negative-stranded, linear RNA molecule. Differences in organization between Marburg 
and Ebola type viruses are indicated. Key: asterisk, position of gene overlap; GP, glycopro- 
tein gene; L, polymerase (L) gene; NP, nucleoprotein gene; 24 / 30 / 35 / 40, virion struc- 
tural protein (VP) genes. (B) Genome organizations of nonsegmented negative-stranded 
RNA viruses. Compared are genomes of viruses belonging to different genera of the three 
families Paramyxoviridae, Rhabdoviridae, and Filoviridae (Order Mononegauirales). Con- 
served and variable regions are identified. Key: RSV, human respiratory syncytial virus; 
MBG, Marburg virus; Mumps, mumps virus; PF3, human parainfluenza 3 virus; W, 
measles virus; RAB, rabies virus; VSV, vesicular stomatitis virus; N and NP, nucleopro- 
tein gene; P, phosphoprotein gene; 35, virion structural protein (VP) 35 gene, the putative 
P equivalent; M, matrix protein gene; 40, VP40 gene, the putative M equivalent; G, GP, 
F, H, HN, glycosylated membrane protein genes; SH, small hydrophobic protein gene; 
22K, nonglycosylated membrane protein gene; 30, VP30 gene, unknown function; 24, 
VP24 gene, unknown function; L, polymerase gene. 

genome of positive sense, (iv) transcription and replication in the cyto- 
plasm, and (v) maturation by envelopment of independently assented 
ribonucleocapsid complexes a t  membrane sites containing viral pro- 
teins. This is reflected by common genomic features such as comple- 
mentarity of the genome termini homologies in the 3‘ leader regions, 
conservation of transcriptional signals, separation by intergenic se- 
quences, and expression of virion-associated RNA-dependent RNA 
polymerases. In conclusion, all data available today support the con- 
cept of an  order Mononegauirales comprising the three unique families 
Paramyxouiridae, Rhabdouiridae, and Filoviridae (76). 
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IIT. Hior,oc:u OF FILOVIRUSES 

A. Morphology 

The long filamentous shape of the particles is unique among viruses 
and has been decisive for classification. Particles appear in different 
shapes, such as branched, circular, or U- and 6-shaped forms. Virions 
vary  greatly in length but show a uniform diameter of approximately 
80 nm. Family members differ in length of virion particles but seem to 
be very similar in morphology. Peak infectivity has been associated with 
particles of 665 nm for MBG and 805 nm for EBO. Virions are  com- 
posed of a central core formed by a ribonucleocapsid coinplex (RNP) 
which is surrounded by a lipid envelope derived from the host cell 
plasma membranc. Electron micrographs demonstrate an  axial channel 
(10-15 nm in diameter) within the RNP. The channel is surrounded by 
a central dark layer (20 nm in diameter) and a n  outcr helical layer (50 
nm in diameter) with cross-striations at 5 nni intervals. Spikes approx- 
imately 7 nm in length and spaced a t  about 10 nm intervals form 
glohular structures on the virion surface (Fig. 4A) (19, 58, 64, 77-79). 

The RNP is composed of a single molecule of linear RNA and four of 
the seven virion structural proteins [nucleoprotein (NP), VP30, VP35, 
and the large (L) protein]. Genomic RNA has a n  M, of 4.2 x 1 O6 and 
constitutes 1.1% of the virion mass (80). The three remaining struc- 
tural proteins are  tnembrane-associated, with the glycoprotein (GP) as 
a type I transmembrane protein (81) and VP24 and VP40 probably 
located a t  the inner side of the membrane. Virus particles have a n  M, 
of approximately 5-6 x 1 O8 and a density in potassium tartrate of 1.1 4 
g/cm3 (Fig. 4B) (66). 

FIG. 4. Morphology of filoviral particles. (A) Electron micrograph. Budding of 
Marburg virus particlcs from the plasma membrane of infcctod primary cultures of 
human endothelial cells. Particles consist of a nucleocapsid surrounded by a membrane 
in which spikes a re  inserted (urrozus). The nucleocapsid contains a central channel 
( inset).  The plasma membrane of infected cells is  often thickened a t  locations where 
budding occurs (arrou)heads). Ultrathin section-bar, 0.5 pm; bar inset, 50 nm (1 16). (13) 
Elecbophoret.ic mobility patterns of filovird structural proteins. The mobilit,y patterns 
(SUS-PAGE) of structural proteins of Marhurg (MBG, strain Musokc) and two Eboln 
subtypes, Zaire (ERO) and Reston (RES), a re  compared and differences illustrated. Four 
proteins a rc  involved in nuclcocapsid formation: polymerase or large (L) protein, 
nuclcoprotein (NP), virion structural protein (VI’) 30 and V1’35 (black). The glycoprotein 
(Ct’) is a transmembrane protein and anchored with the carboxy-terminal part  in the  
virion memhrane (cuhtle). Homotrimers of GP form the spikes on the  virion surface 
[crrrwus in (A)]. VP40 :ind V1’24 arc mcmhrane-associated proteins &ru,y). 
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B. Genome 

Genomes of filoviruses consist of a single negative-stranded linear 
RNA molecule (64, 80, 82). The RNA is noninfectious, not polyadeny- 
lated, and complementary to polyadenylated viral subgenomic RNA 
species (64, 72, 83). The nucleic acid sequences of two different isolates 
of MBG (83, 84) and the EBO Mayinga isolate (subtype Zaire) (72, 85) 
as well as parts of EBO Reston and EBO Maridi and Nzara isolates 
(subtype Sudan) (69; A. Sanchez, personal communication) have been 
elucidated. Filovirus genomes have a length of approximately 19 kb 
(19.1 for MBG and 18.9 kb for EBO) and are larger than all other 
negative-stranded RNA virus genomes. Genes have been identified by 
highly conserved transcriptional signals at their 3’ and 5’ ends. The 
following order is characteristic for filoviruses: 3’ leader-NP-VP35- 
VP40-GP-VP30-VP24-G5’ trailer (Fig. 3A). 

Genes are separated by intergenic regions varying in length and 
nucleotide composition. Some genes overlap but the positions and 
numbers of overlaps are different among filoviruses (Fig. 3A; Table 111). 
Viruses belonging to the Zairian subtype of EBO possess three overlaps 
located between VP35 and VP40, GP and VP30, and VP24 and L, 
whereas MBG isolates have only one overlap between VP30 and VP24. 
The length of the overlaps is limited to five highly conserved nucleo- 
tides within the transcriptional signals (3’-UAAUU-5’) (Fig 5). Tran- 
scriptional start signals are conserved among filoviruses, and the 
sequence 3’-CUNCNUNUAAUU-5‘ represents the consensus motif 
(Fig. 5). Transcriptional stop signals are identical for all genes (3‘- 
UAAUUCUUUUU-5’) with the exception of the VP40 gene of MBG (C 
at  position 2 instead of an  A; genomic sense) (Fig. 5) .  Most genes tend 
to possess long noncoding sequences at  their 3’ and/or 5’ ends which 
contribute to the increased length of the genome. Upstream of the N 
gene start site and downstream of the L gene stop site there are extra- 
genic sequences, which are thought to be templates for small viral, 
nonpolyadenylated subgenomic RNAs synthesized during infection. 
The genomes are complementary a t  the very extreme ends, a feature 
known for all NNS RNA viruses (83, 85, 86). 

C. Viral Proteins 

1. NP-Nucleoprotein 

The NP protein is encoded by gene 1 at  the extreme 3’ end of the 
linear unsegmented RNA genome. NP proteins differ slightly in their 
electrophoretic mobility patterns, ranging from 95 kDa for MBG to 105 
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FIG. 5 .  Replication cycle of filoviruses. The model illustrates the mode of transcrip- 
tion and replication based on the data available to date. Each gene on the linear arranged 
nonsegmented (-)-sense genome is flanked by conserved transcriptional start  (3'- 
CUNCNUNUAA UU-5'; indicated above) and termination signals (3'-UAAUUCUUUUU- 
5'; indicated beneath). Transcription starts at  the 3' end of the (-)-sense genome and 
leads to polyadenylated mRNA species. For replication a full-length (+)-sense anti- 
genome is synthesized which serves as  the template for the synthesis of progeny (-)- 
sense RNA anticomplementary to the parental RNA. Key: c, carboxy-terminal end of 
proteins; I ,  3' untranslated region (leader); n, amino-terminal end of proteins; Poly(A), 
polyadenylation of mRNA species; t, 5' untranslated region (trailer); NF', nucleoprotein; 
L, viral RNA-dependent RNA polymerase. 

kDa for EBO isolates. The molecular weights (MW) calculated from the 
deduced amino acid sequences of the corresponding genes of MBG (695 
amino acids) and EBO (739 amino acids) are 78 kDa and 83 kDa, 
respectively, and the differences in lengths are related to the less- 
conserved C termini of the protein (71, 83, 84, 87). Thus, filovirus NP 
proteins possess an unusually high MW compared with other NNS- 
RNA virus nucleocapsid proteins, which range from 42 to 62 kDa. This 
suggests additional functions for the filovirus NP protein located in its 
unique C terminus. The NP protein is the major structural phospho- 
protein, and only the phosphorylated form of the protein is incorpo- 
rated into virions, as demonstrated for MBG (88-90). This finding may 
indicate that phosphorylation is needed to interact with genomic RNA 
and to form virion RNPs for progeny viruses. Sequence comparison of 
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NP proteins of MBG and EBO shows a high degree of homology within 
the first 400 predicted amino acids. The alignment shows that the 
region from position 130 to 392 of the MBG sequence has  a very strong 
similarity and is highlighted by a run  of 34 identical amino acids from 
position 296 to 329. The fact that  two of'the three cysteine residues of 
NP are  conserved may indicate their role in  proper folding of the mole- 
cule. A small region in the middle of'the MBG and EBO NP sequences 
was found to contain a significant amino acid homology with para- 
myxoviruses and to a lesser extent with rhabdoviruses (71). The N P  
proteins of filoviruses and other NNS viruses also have the hydropho- 
bicity of their N termini in common. A role of this region in either 
protein folding and/or RNA binding has  been postulated for other NNS- 
RNA viruses (91, 92). The less-conserved C-terminal half of filovirus 
NP proteins, which is hydrophilic and very acidic, may function in the 
assembly process by interacting with the matrix proteins or the pre- 
sumed second proposed nucleoprotein VP30 (66, 71, 88). Similar func- 
tions have been discussed before for the variable C termini of para- 
myxovirus NPs (91, 93). The NP protein is the major component of the 
RNP and is tightly bound within the complex. Although RNA binding 
has not yet been demonstrated, there is little doubt tha t  this protein is 
the functional analogue of the nucleocapsid proteins of paramyxovi- 
ruses and rhabdoviruses (Fig. 4B; Table IV). 

2. VP35- Pol.ym crasc Co factor 2 

VP3S is encoded by gene 2. I t  has a length of 329 amino acids in  
MBG (73, 83); VP35 of EBO is 351 or 340 amino acids long (72, 73, 
respectively). RNP association of the protein is much weaker than  tha t  
of NP and VP30, as demonstrated by nonionic detergent treatment of 
virion particles (66, 88). VP35 of EBO virions is not phosphorylated 
(88, 89). Expression studies of MBG VP35 in insect cells (SF9 cells), 
however, revealed weak phosphorylation of this protein, whereas VP35 
expressed in HeLa cells using the vaccinia-virus-driven T7 polymerase 
system w a s  not phosphorylated (H. Feldmann, unpublished data). 
Thus, VP35 may exist in a phosphorylated and a n  unphosphorylated 
form as has  been demonstrated for NP. For NP, the unphosphorylated 
form seems to be incorporated into virion particles. Hydropathy plots of 
MBG and EBO VP35 showed similar profiles and a prominent common 
hydrophilic domain in close proximity to the N termini (MBG, positions 
28 to 42; EBO, positions 57 to 76). This region may be involved in 
template binding; this is supported by the fact tha t  VP35 unspecifically 
binds nucleic acids (H. Feldmann, unpublished data). In  spite of the 
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TABLE 1V 

FII.OVIKAL PROTEINS AND THEIR PROI'OSED FUNCTION" 

Desig- 
nation 

NP 

VP35 

VP40 

GP 

VP30 

VP24 

L 

sGP 

Virus type 

MBGlEBO 

MGBiEBO 

MBGlEBO 

MBGiEBO 

MBGiEBO 

MBGlEBO 

MBGlEBO 

EBO 

Encod- 
ing 

gene 

1 

2 

3 

4 

5 

6 

7 

4h 

Localization Proposed function 

Ribonucleocapsid 
complex 

Ribonucleocapsid 
complex 

Memhrane- 
association 

Surface (trans- 
membrane protein) 

Ribonucleocapsid 
complex 

Membrane- 
association 

Ribonucleocapsid 
complex 

Encapsidation 

Phosphoprotein 
analogue 

Matrix protein 

Receptor binding, 
fusion 

Encapsidation, RNA 
binding 

Unknown 

RNA-dependent RNA 
polymerase 

Nonstructural, Unknown 
secreted 

* NP, nucleoprotein; VP, virion structural protein; GP, glycoprotein; L, large protein 
(polymerase); sGP, small glycoprotein; MBG, type Marburg filoviruses; EBO, type Ebola 
filoviruses. 

Expressed by RNA editing (69, 112). 

inconsistent data on phosphorylation among filoviruses and the lack of 
sequence homology, the genome position of the corresponding gene 
combined with the association in the RNP suggest that VP35 is func- 
tionally analogous to the P p:oteins of paramyxoviruses and rhabdo- 
viruses. Further studies are needed to show if " P  protein would be an 
appropriate designation for this protein (Fig. 4B; Table IV). 

3. VP40-Matrix Protein 

VP40 of filoviruses is encoded by gene 3. It is 303 and 326 amino acids 
long in MBG and EBO, respectively (72, 73, 83). Differences in the 
electrophoretic mobilities of VP40 can be used to distinguish between 
MBG and EBO isolates and even among the three EBO subtypes (Fig. 
4B) (68). Nitrocellulose-bound VP40 binds in a radiooverlay protein 
assay unspecifically to nucleic acids (H. Feldmann, unpublished data), 
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implicating a role in regulation of transcription/replication as has been 
described for the matrix protein of vesicular stomatitis virus (94, 95). 
VP40 is not associated with the RNP complex and behaves like a 
membrane-associated protein when analyzed following nonionic deter- 
gent treatment of virion particles (66, 88). This finding, together with a 
predominantly hydrophobic profile, the abundance in virion particles, 
and the genome localization of the corresponding gene, suggests that 
VP40 is the matrix protein analogue of filoviruses (Fig. 4B; Table IV). 

4. GP-Glycoprotein 

GP, encoded by gene 4 of the genome, is the only glycosylated struc- 
tural protein of virions. GP of MBG and EBO is 681 and 676 amino 
acids in length, respectively (72, 81, 96, 97). Filovirus GPs are type I 
transmembrane proteins anchored via a C-terminal hydrophobic do- 
main in the membrane (Fig. 6 4 .  They are directed into the endo- 
plasmic reticulum by an  N-terminal hydrophobic domain which shows 
the structural requirements for signal peptides and can be cleaved by 
signal peptidases as shown directly for the MBG GP (81). Filovirus GPs 
contain N- and 0-glycans that account for up to 50% of the MW of the 
mature proteins. Oligosaccharide side chains differ in their terminal 
sialylation patterns, which seem to be isolate- as well as cell-line- 
dependent (68, 98). Detailed structural analyses of filovirus carbohy- 
drates are available for MBG only. The structures include oligomanno- 
sidic and hybrid-type N-glycans as well as bi-, tri-, and tetraantennary 
complex species and high amounts of neutral mucin-type 0-glycans (99). 
Amino acid sequence comparison of filovirus GPs showed conservation 
a t  the N- and C-terminal ends of the proteins in which the two 
hydrophobic domains (signal peptide, membrane anchor) and most of 
the highly conserved cysteine residues are located. The middle region 
is variable and extremely hydrophilic and carries the bulk of the 
glycosylation sites for N- (EBO 17 sites; MBG 22 sites) and 0-glycans 
(Fig. 6A). Recently it has been shown that the two cysteine residues at 
positions 671 and 673 of MBG GP are acylated (100). Acylation at  the 
border between membrane anchor region and cytoplasmic tail has been 
shown for many viral type I transmembrane proteins. The special 
arrangement of all cysteine residues in the molecule favors an  inter- 
molecular cysteine bridge formation between the two external parts of 
the molecule, resulting in a stem region with a crown-like domain on 
the top carrying the mass of the carbohydrate side chains (Fig. 6B). For 
MBG it has been shown that the mature GP is inserted in the mem- 
brane as a homotrimer, and oligomerization seems to be mediated by 
intramolecular disulfide bridges, since complexes can be destroyed 
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FIG. 6 .  (A) Schematic illustration of structural features of filoviral glycoproteins. The 
glycoprotein (CP) of filoviruses is encoded hy gene 4. It is a type I transmembrane protein 
carrying two hydrophobic domains (light gray) a t  the amino-terminal (signal peptide) 
and carboxy-terminal ends (membrane anchor). An external domain in close proximity to 
the transmembrane region (black) shows significant homology to an immunosuppressive 
domain in envelope proteins of several retroviruses. The protein is highly glycosylated, 
carrying N- and 0-linked oligosaccharides (y )  (here demonstrated for MBG strain 
Musoke). (B) Structural model of the surface spikes of filoviruses. The surface spikes of 
filoviral particles are formed by homotrimers of the glycoprotein (GP). Each monomer 
seems to form a stemlike structure with a crownlike domain on the top carrying the mass 
of the carbohydrate site chains. This formation may be mediated by intramolecular 
disulfide bridge formation (S-S) of cysteine residues located a t  the amino and carboxy 
termini of the protein [A in (A)]. Oligomerization seems to be due to intermolecular 
disulfide bridge formation (S-S) (98). Key: A, cysteine residues; A, acylated cysteine 
residues; y ,  N-linked oligosaccharides. 

under reducing conditions (Fig. 6B) (98). In general, filovirus GPs lack 
significant homologies with envelope proteins of other NNS RNA 
viruses. However, a region of 26 amino acids in the external domain in 
close proximity to the transmembrane region shows significant homol- 
ogy to an  immunosuppressive domain in the envelope proteins of sev- 
eral retroviruses (Figs. 6A and 7) (72, 81, 96, 97). The immunosup- 
pressive domain in retroviruses has been assumed to be involved in 
inhibition of blastogenesis of lymphocytes, decrease in monocyte chemo- 
taxis and macrophage infiltration, inhibition of human natural killer-cell 
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FIG. 7. Immunosuppressive motif located on filoviral glycoproteins. Shown is an  
alignment of the putative immunosuppressive motif (peptide of 26 amino acids) of the 
Zaire, Sudan, and Reston subtypes of Ebola viruses and Marburg virus (strain Musoke), 
compared with the known motif of two oncogenic retroviruses, murine leukemia virus 
(MuLV) and feline leukemia virus (FeLV). Identical amino acids are framed and function- 
ally similar ones are identlfied beneath the alignmcnt by asterisks. The motifs are located 
in close proximity to the transmembrane region on the conserved carboxy-terminal part  
of the molecules. 

activity, and blocking of protein kinase C activity (101-103). Experi- 
mental data on GP function do not exist. However, the fact that GP is 
the only surface protein of the virions suggests a function in mediation 
of binding to cellular receptors and fusion with cellular membranes. 
Furthermore, GP is discussed as the major viral antigen and the main 
target for the host immune response (Figs. 4, 6, and 7; Table Iv). 

5. VP30-Minor Nucleoprotein? 

W30 is encoded by gene 5 and intimately associated with the RNP (66, 
88). The protein has a length of 260 and 281 amino acids in EBO and 
MBG, respectively (72, 83, 84). The protein binds RNA under denatur- 
ing conditions in an RNA-protein overlay assay and forms complexes 
with the NP protein. Complexes of expressed recombinant VP30 and 
NP can be precipitated using either anti-VP30 or anti-NP antibodies 
(H. Feldmann, unpublished data). VP30 of EBO has been identified as 
the minor phosphoprotein of virions (88, 89). The available data indi- 
cate that VP30 may work as a functional unit in encapsidation of the 
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RNA genome (66), which could be achieved by binding to NP and/or 
binding to genomic RNA. It could also play a role as an additional 
cofactor of the transcriptase-replicase complex (Fig. 4; Table IV). 

6. VP24-Membrane-Associated Protein of Unknown Function 
VP24 is encoded by gene 6 of filoviruses. It is 253 and 251 amino 

acids in length in MBG and ERO, respectively (72, 83, 84). The protein 
is membrane-associated. Unlike VP40, it is not completely removed 
from the RNP under isotonic conditions (66, 88). W 2 4  presumably serves 
as a second matrix protein and may bind to the cytoplasmic tail of GP 
or may link the membrane proteins (VP40 and/or GP) to the RNP. 
There are minor differences in the SDS-PAGE migration profile of this 
protein among filovirus isolates (Fig. 4B). Such differences have also 
been observed between EBO wild type (subtype Zaire) and a highly patho- 
genic variant isolated after several passages from guinea pigs (104). To 
what extent these changes contribute to the higher pathogenic poten- 
tial of the variant in guinea pigs is currently unknown (Fig. 4B, Table IV). 

7, &Large Protein 
The L protein is encoded at  the 5' end of the linear genome and has 

a predicted MW of 267 kDa (2331 amino acids) for strains Musoke (105) 
and Popp (84) of MBG. Computer-assisted comparison revealed signif- 
icant homologies to L proteins of other NNS RNA viruses. Homologies 
are mainly located in the N-terminal half of the protein and are concen- 
trated within three common domains, named boxes A, B, and C (106). 
Other common features are a high content of leucine and isoleucine 
residues, a large positive net charge, clusters of basic amino acids, 
putative ATP binding sites, two neighboring cysteine residues located 
in the C-terminal half of the protein, and the genome localization of the 
encoding gene. A highly conserved peptide motif -GDNQ- located at  
the C-terminal end of domain B (positions 744-747) and flanked by 
hydrophobic amino acid residues seems to be correlated with enzy- 
matic functions of the protein. Mutations in this domain, which is pres- 
ent in all NNS RNA virus L proteins, abolished activity of other NNS 
RNA virus L proteins (107). Furthermore, an -LDD- motif is present 
a t  positions 1095-1097. Similar motifs with alterations in the first 
amino acid have been described and discussed as active sites for some 
RNA-dependent RNA polymerases of plant, animals, and bacterial 
viruses (108-111). Even though transcriptase and replicase activities 
have not yet been demonstrated, the L protein is regarded as  an  RNA- 
dependent RNA polymerase (Fig 4B; Table IV). 
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8. Nonstructrcrul Proteins 

A nonstructural glycoprotein has recently been discovered in EBO (69, 
112). This protein, designated sGP, is expressed from the glycoprotein 
gene by RNA editing (Fig. 8). sGP shares about 300 N-terminal amino 
acids with CP but has a different C terminus (-70 amino acids), which 
contains many charged residues as  well as conserved cysteines. The pro- 
tein is directed into the endoplasmic reticulum and becomes N- and 0- 
glycosylated. sGP is secreted into culture medium in high quantities. 
The function of this nonstructural protein is unknown, but  i t  could 
modulate the host immune response by binding antibodies. No similar 
protein is found in MBG (Table IV). 

MBG isolates, on the other hand, possess a second small open read- 
ing frame (ORF) located within the ORF of gene 2 (65). Expression 
would result in a n  extremely basic protein of 60 amino acids. The puta- 
tive product shares features with a recently identified nonstructural 
protein of vesicular stomatitis virus (VSV). This protein is also encoded 
by a second ORF of gene 2, which normally encodes for the P protein of 
VSV (113). The overlapping ORF in gene 2 is not found in EBO. 

D. Virus Replication 

1. Virus Growth in Cell Cultures 

Vero cells, especially clone E6, are  the most widely used line for 
virus isolation and propagation. Primary virus isolation has also been 
successful in MA-104 and SW13 cells (30, 114). Furthermore, a variety 
of other cell lines have been tested as substrates for filovirus replica- 
tion (41, 114, 115). This includes a recently developed human microvas- 
cular endot,helial cell line (HMEC-1) (H. Feldmann, unpublished data), 
primary cultures of human umbilical cord vein endothelial cells (HWEC) 
(1 16), and human peripheral blood monocytes/macrophages (117). 

MBG and EBO subtype Zaire cause lytic infections in cell culture 
with distinct cytopathogenic effects. Infection with EBO subtypes Sudan 
and Reston proceeds more slowly, and cytopathogenic effects a re  not a s  
obvious. The course of filovirus infection in tissue culture can be con- 
trolled by indirect immunofluorescence assay (IFA) using antibodies 
directed against viral antigens. Plaque assays are  performed in Vero 
E6 cells; however, the ratio of plaque-forming units to infectious parti- 
cles is thought to  be relatively low. The number of infectious particles 
may therefore be underestimated in this assay. When there are  few or 
no cytopathogenic effects, reverse transcriptase-polymerase chain reac- 
tion (RT-PCR) on viral RNA isolated from infected cells and tissue 



MARBURG AND EBOLA VIRUSES 29 

GP 

non-editing r( editing 

5' - A(7) - polyA 3' 5'- A@) - p0lyA 3' 

a - B R F  . 

n )  GP Ic 

FIG. 8. Expression strategies of gene 4 of type Ebola viruses. Gene 4 of Ebola viruses 
is transcribed from two open reading frames. The primary gene product is a small glyco- 
protein (sGP). Full-length glycoprotein (GP) is expressed by RNA editing. Key: A, adeno- 
sine residue; c, carboxy-terminal end of proteins; n, amino-terminal end of proteins; GP, 
glycoprotein gene, 3' and 5 ' ,  terminal ends of genomes and subgenomic RNAs. 

culture supernatants can be helpful for quantification (116,118). Further- 
more, Northern blot hybridization andlor analysis of in uiuo labeled viral 
subgenomic RNA have been used to study the course of infection (83,119). 

Viral RNA synthesis in tissue culture is detectable by a t  least 7 hr 
postinfection, reaches a maximum by 18 hr, and declines thereafter. 
Cytopathogenic effects are not seen before 48 hr postinfection. The first 
mRNA to be detected is NP-specific; it reaches levels sufficient to pro- 
duce protein by 7 hr postinfection (119). This is in line with other NNS- 
RNAviruses, showing transcription to start a t  the most 3'-located gene 
of the linear genome (120, 121). All proteins are detectable by in uitro 
translation of polyadenylated RNA isolated 18 hr pos tinfection; there- 
after the yield of translation products decreases (119). Recently, a PCR 
assay detected genomic RNA of MBG Strain Musoke (MUS) particles 
in clarified supernatants of infected cells as early as 12 h r  postinfec- 
tion, indicating that the replication cycle is approximately 12 hr  (116). 
More sensitive technologies such as PCR have to be used in order to 
evaluate precisly the course of transcription and replication for filo- 
viruses. 
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2. Virus Entry 

Cell entry seems to be mediated by the GP as the only surface pro- 
tein of virion particles. Studies on MBG MUS infections of hepatocytes 
have identified the asialoglycoprotein receptor present on these cells as 
a receptor candidate (122). However, one has to postulate additional 
receptors, since the asialoglycoprotein receptor is not expressed on 
many virus-susceptible cells. Furthermore, MBG GP is not generally 
lacking sialic acid, and sialylation has been shown to be cell-line- 
dependent (68). Whether the next step in virus entry involves a fusion 
process a t  the plasma membrane or fusion following endocytosis of 
virus particles is not known. The uncoating mechanism has not been 
studied either. 

3. l).anscription, ?Fanslation, and Genome Replication 

Filovirus transcription and replication take place in the cytoplasm 
of infected cells. The data available so far suggest that the mechanisms 
involved resemble those observed for other NNS RNA viruses (Fig. 5) .  
Transcription probably starts with a short (+)-leader sequence as in the 
case of some other NNS RNAviruses (123, 124). Subsequently, gen- 
omes are transcribed into monocistronic subgenomic RNA (mRNA) 
species which are complementary to viral genomic RNA and poly- 
adenylated. Seven subgenomic RNA species have been detected in 
filovirus-infected cells by either Northern blot hybridization or RT-PCR 
amplification. There is no evidence for larger amounts of bi- or multi- 
cistronic subgenomic RNA species (72, 83, 119). Recent data on RNA 
amplification and direct sequencing of amplified products of four (NP, 
VP35, VP40, VP30) of the seven polyadenylated subgenomic RNA 
species of MBG MUS (125) revealed that the 5' ends of the transcripts 
are two bases shorter than previously published (71, 72, 83). Thus, it 
appears that all start signals of filovirus genes possess the consensus 
sequence 3'-CUNCNUNUAAUU-5' (Fig. 5). The 3' ends of the tran- 
scripts carry a poly(A) tail generated by a stuttering mechanism of the 
viral polymerase at a run of five or six uridine residues located a t  the 5' 
end of all transcription stop signals (72, 83). Therefore, the sequence 
3'-UAAUUCUUUUU(U)-5' serves as a transcription stop and poly- 
adenylation signal (Fig. 5). As mentioned above, both signals carry the 
pentamer 3'-UAAUU-5', which is characteristic for the family and a 
unique feature among NNS RNA viruses. The function of the pentamer 
is unknown, but it could serve as the recognition site for the poly- 
merase complex. The surrounding semiconserved sequences may then 
mediate the exact initiation of transcription and termination- 
polyadenylation events. 
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Filovirus transcripts contain unusually long untranslated regions, 
especially a t  the 3’ ends. The 5’ end untranslated regions show a 
potential for formation of stable hairpin structures, which might play a 
role in transcript stability and ribosome binding (72). With the excep- 
tion of the L protein, in uitro translation of purified subgenomic RNAs 
resulted in products comigrating on SDS-PAGE with the corresponding 
structural proteins. The finding that the L protein cannot be translated 
in uitro is probably the result of the low copy number of the L tran- 
script, which has only been detected by RNAamplification (72, 83). The 
role of gene overlaps in regulation of transcription is unknown. 
Sanchez et al. (72) proposed that the downstream start site may allow 
the polymerase to recognize it after mRNA polyadenylation and possi- 
bly to reposition itself to initiate transcription. This “back up” mecha- 
nism is supported by the finding that attenuation of filovirus genes 
with start sites in overlaps does not occur to any greater degree than 
has been discussed for a much larger overlap found in the respiratory 
syncytial virus genome (126). Alternatively, the polymerase may occa- 
sionally terminate transcription at the overlap and initiate transcrip- 
tion of the downstream gene without polyadenylation of the upstream 
gene, but there is no evidence for detectable levels of transcripts lack- 
ing poly(A) tails. 

With the EBO GP gene, transcription occurs from two open reading 
frames (Fig. 8). The primary gene product is a small nonstructural glyco- 
protein that is secreted from infected cells. Expression of full-length 
GP is achieved by transcriptional editing of a single nucleotide at  a run 
of uridine residues (69, 112). MBG GP is expressed in a single frame 
and the gene does not contain sequences favoring RNA editing. Asecond 
ORF has been described for MBG MUS, but a corresponding gene 
product has not yet been identified (81). The difference in GP gene 
expression is one of several important distinctions between MBG and 
EBO (Table 111). 

The switch mechanism between transcription and replication is un- 
known. As with other NNS-RNA viruses, synthesis of the NP protein 
could be a key factor. Encapsidation and polymerase complex entry site 
are probably located on the 3’ leader sequence. The fact that  the ex- 
tremities of the genomes are complementary suggests a single identi- 
cal encapsidation site on the genome and antigenome and an  identical 
entry signal for the polymerase complex for both transcription and rep- 
lication. Replication works via a full-length (+)-strand antigenome 
which serves as the template for synthesis of (-)-strand genome mole- 
cules. Encapsidated genomic RNA is incorporated into RNP. Those 
complexes may in part form inclusion bodies, which are prominent in 
infected cells (Fig. 5). 



32 HElNZ FELDMANN AND HANS-DIETER KLENK 

4. Mrus Assembly and Exit 

Virions usually bud at the plasma membrane, and the budding 
process is probably mediated at membrane locations where GP is incor- 
porated. The cytoplasmic tail of GP is thought to interact with VP40 
andlor VP24. VP40 may mediate the linkage between the RNP and the 
membrane proteins. Mature particles exit preferentially in a vertical 
mode, but budding via the longitudinal axis has also been observed. In 
macrophages, budding has also been observed at  intracytoplasmic 
membranes surrounding vacuoles which form during infection (117). It 
is expected that the mechanism is similar to the situation at  the 
plasma membrane. 

IV. CLINICAL Vi K O I ~ Y  

A. Clinical Syndrome 

The onset of the disease is sudden, with fever, chills, headache, 
myalgia, and anorexia. This may he followed by symptoms such as 
abdominal pain, sore throat, nausea, vomiting, cough, arthralgia, 
diarrhea, and pharyngeal and conjunctival injection. Patients are 
dehydrated, apathetic, and disoriented and may develop a charac- 
teristic nonpruritic, maculopapular centripetal rash associated with 
varying degrees of erythema and then desquamate by day 5 or 7 of the 
illness. Hemorrhagic manifestations develop during the peak of the 
illness; they are of prognostic value for the disease. Bleeding into the 
gastrointestinal tract is most prominent along with petechiae and 
hemorrhages from puncture wounds and mucous membranes. Labora- 
tory parameters are less characteristic, but the following findings are 
associated with the disease: leukopenia (as low as lOOO/pl), left shift 
with atypical lymphocytes, thrombocytopeiiia (50,000-100,000/p1), 
markedly elevated serum transaminase levels (typically AST exceed- 
ing ALT), hyperproteinemia, and proteinuria. Prothrombin and partial 
thromboplastin times are prolonged and fibrin split products are 
detectable. In a later stage, secondary bacterial infection may lead to 
elevated white blood cell counts. 

Nonfatal cases show fever for about 5-9 days; fatal cases develop 
clinical signs early during infection, and death commonly occurs be- 
tween days 6 and 16 after the development of hemorrhage and hypo- 
volemic shock (Fig. 9). Mortality is high for the African members of the 
family and varies between 22 and 8896, depending on the virus. The 
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FIG. 9. Clinical course of hemorrhagic fever caused by Marburg virus. The drawing 
shows a summary of clinical observations during the 1967 outbreak of hemorrhagic fever 
caused by Marburg virus (adapted from W. Stille and E. Bohle [7]). Key: closed boxes, 
invariably present; open boxes, sometimes present. 

highest rate has been reported for EBO Zaire. MBG infections are 
associated with the lowest mortality rates; however, most patients 
have been treated under European medical care standards, unlike in 
most of the EBO cases. The “Asian” filoviruses (EBO Reston) seem to 
possess a very low pathogenicity for humans or even to be apathogenic. 
This is interesting since genetic analyses have shown that EBO Reston 
seems to be most closely related to EBO Zaire (69). 

Convalescence is prolonged and sometimes associated with myelitis, 
recurrent hepatitis, psychosis, or uveitis. An increased risk of abortion 
does exist for pregnant women, and clinical observations indicate a 
high death rate for children of infected mothers (20, 25, 127-131). 
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B. Diagnosis 

Filoviruses cause acute infections in a variety of laboratory animals, 
although natural infections have only been reported in humans and 
nonhuman primates. In tropical settings, the identification of filoviral 
HF may be difficult since the most common causes of severe, acute 
febrile disease are malaria and typhoid fever. A wide range of infectious 
diseases has to be considered next, such as shigellosis, menigococcal 
septicemia, plague, leptospirosis, anthrax, relapsing fever, typhus, 
murine typhus, yellow fever, Chikungunya fever, Rift Valley fever, H F  
with renal syndrome, Crimean Congo HF, Lassa fever, and fulminant 
viral hepatitis. Travel, treatment in local hospitals, and contact with 
sick persons or wild and domestic monkeys are useful historical fea- 
tures in returning travelers, especially from Africa. Diagnosis of single 
cases is extremely difficult, but the occurrence of clusters of cases with 
prodromal fever followed by cases of hemorrhagic diatheses and person- 
to-person transmission are suggestive of viral HF, and containment 
procedures have to be initiated. 

In  filoviral HF, prostration, lethargy, wasting, and diarrhea seem to 
be more severe than observed in other viral HF patients. The rash is 
characteristic and extremely useful in differential diagnosis. Virologic 
diagnosis can be achieved during the febrile phase of the disease. Isola- 
tion attempts from serum andlor other clinical material should be per- 
formed using Vero or MA-104 cells (monkey kidney cells). However, 
most filoviruses do not cause extensive cytopathogenic effects on pri- 
mary isolation. The most useful animal system after nonhuman pri- 
mates is guinea pigs, which develop fever within 10 days of primary 
infection. Several passages, however, are necessary to produce a uni- 
formly fatal disease. Often filoviruses do not kill newborn mice on pri- 
mary isolation, suggesting that the most widely used animal system in 
laboratories may not he successful for virus isolation (30, 34, 128). 

Laboratory diagnosis can be achieved in two different ways: measure- 
ment of the host-specific immunological response to the infection and 
detection of viral antigen and genomic RNA in the infected host (Table V). 
The most commonly used assay to detect antibodies to filoviruses is thc 
indirect immunofluorescence assay (IFA) on acetone-fixed infected cells 
inactivated by gamma irradiation. The use of this assay, however, has 
been quite misleading, since a significant proportion of human and 
monkey sera will react with filovirus antigen without showing any 
symptoms of disease. Therefore, IFA results should be confirmed at 
least by an additional assay. Confirmatory tests include Western blot 
and enzyme-linked immunosorbent assays (ELISA). Direct IgG and 
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IgM ELISA are based on detergent-extracted infected cells adsorbed to 
plastic plates (55, 132, 133). In addition, an IgM capture assay has 
been developed which has correctly diagnosed acute infections with 
filoviruses in nonhuman primates, but still requires evaluation in 
humans (T. G. Ksiazek, personal communication). Radioimmune as- 
says (RIA) are available but have not been evaluated for their use in 
diagnosis (70). 

Direct detection of virus antigen, virus particles, and viral RNA can 
be achieved by several assays (Table V). Electron microscopy has been 
particularly useful in the diagnosis of filovirus infections (19, 30, 58, 
134). Viral structures can be visualized by negative contrast electron 
microscopy after ultracentrifugation and fixation of initial passage cell 
culture supernatants. Thin-section microscopy can be performed on 
any infected material or infected cells which have been prepared by 
any standard fixation procedure. Immunohistochemisty on formalin- 
fixed material and paraffin-embedded tissues can be used for detection 

TABLE V 

LABORATORY DIAGNOSIS 

Test Target Source Remarks 

Indirect immunofluor- 
escence assay (IFA) 

Enzyme linked immuno- 
sorbent assay (ELISA) 

Immuno blot 

Antigen ELISA 

Immunohistochemistry 

Fluorescence assay (FA) 

Polymerase chain 
reaction (PCR) 

Electron microscopy 

Virus isolation 

Antiviral anti- 
bodies 

Antiviral anti- 
bodies 

Antiviral anti- 
bodies 

Viral antigen 

Viral antigen 

Viral antigen 

Viral nucleic 
acid 

Viral particle 

Viral particle 

Serum 

Serum 

Serum 

Blood, serum, 
tissues 

Tissues (e.g., 
skin, liver) 

Tissues (e.g., 
liver) 

Blood, serum, 
tissues 

Blood, tissues 

Blood. tissues 

Simple to perform, but prone to 
nonspecific positives and 
subjective interpretation 

Specific and sensitive, but ini- 
tial response slower than IFA 

Protein-specific, but interpreta- 
tion sometimes difficult 

Rapid and sensitive, but 
requires special equipment 

Inactivated material, but 
requires time 

Rapid and easy, but subjective 
information 

Rapid and sensitive, but 
requires expensive and 
special equipment 

Unique morphology (immuno- 
staining possible), but 
insensitive and requires 
expensive equipment 

Virus available for studies, but 
requires time 
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of filoviruses (30, 63), as can immunofluorescence on impression 
smears of tissues (135). Antigen detection ELISA (136) and reverse 
transcriptase-polymerase chain reaction (RT-PCR) (118) have been 
successfully used to detect filoviruses in clinical material. During the 
EB0  Reston outbreak in 1989 both assays demonstrated their sen- 
sitivity and showed confirmation in nearly every case. 

C. Patient Management and Prevention of Infection 

A virus-specific treatment does not exist. Supportive therapy should 
be directed toward maintenance of effective blood volume and electrolyte 
balance. Management of shock, cerebral edema, renal failure, coagula- 
tion disorders, and secondary bacterial infection may be life-saving for 
patients. Heparin treatment should be considered only in cases with 
clear evidence of disseminated intravascular coagulopathy (DIC). 
Human interferon and human reconvalescence plasma have been used 
to treat patients in the past. Use of both therapies would be reasonable; 
however, there is no experimental data showing their efficacy. On the 
contrary, filoviruses are resistant to the antiviral effects of interferon, 
and interferon administration to monkeys has failed to increase sur- 
vival rate or virus titer reduction. Ribavirin does not have any effect on 
filoviruses in uitro and thus is probably not of any clinical value, unlike 
in some other viral HFs. Isolation of patients is recommended, and pro- 
tection of medical and nursing staff is required. This can be achieved by 
strict barrier nursing techniques and addition of‘ HEPA filtered respira- 
tors for aerosol protection when feasible. For information regarding 
management of patients with suspected filoviral HF and approaches to 
minimize spread of virus in outbreak situations, especially in Africa, see 
published guidelines and recommendations (1, 34, 137-140). 

Even though outbreaks of filovirus HF have been rare and mainly 
restricted to a small number of cases, vaccines would be of value for 
medical personnel in Africa as well as for laboratory personnel. Cross- 
protection among different EBO subtypes in experimental animal sys- 
tems has been reported, suggesting the general value of vaccines (32, 
141). Inactivated vaccines have been developed by formalin or heat 
treatment of cell-culture-propagated MBG and EBO subtypes Sudan 
and Zaire (142-144). Protection, however, has only been achieved by 
careful balance of the challenge dose and virulence. Because of the 
biohazardous nature of the agents, recombinant vaccines would be the 
way to go in the future. Immunizations of monkeys with purified NP 
and G P  have demonstrated the induction of the humoral and cellular 
immune response and protected animals against challenge with lethal 



MARBURG AND EBOLA VIRUSES 37 

doses (145). Thus, those two proteins and perhaps the sGP (EBO) may 
be candidates for recombinant vaccines. Recombinant GP-vaccinia- 
and baculoviruses have already been engineered for MBG MUS and 
EBO strain Mayinga (MAY), but have not yet been tested for a protec- 
tive effect in animals (Centers for Disease Control and Prevention, 
Atlanta, Georgia, USA, unpublished data; Institute of Virology, Marburg, 
Germany, unpublished data; Institute of Molecular Biology, Koltsovo, 
Novosibirsk, Russian Federation). 

Wild-caught monkeys are an important source for the introduction 
of filoviruses. This was clearly demonstrated in 1967 for MBG (127), in 
1989, 1992, and 1996 for EBO Reston (30, 40, Centers for Disease 
Control and Prevention, personal communication), and in 1994 for the 
Ivory Coast EBO case (26). Quarantine of imported nonhuman pri- 
mates and professional handling of animals will help prevent an intro- 
duction to humans. Guidelines for quarantine and proper handling of 
monkeys in medical research have been published (146). 

Filovirus infectivity is quite stable a t  room temperature (20"C), but 
is destroyed in 30 min at 60°C. Infectivity is also destroyed by ultravio- 
let and gamma irradiation, formalin (l%), lipid solvents (deoxycholate, 
ether), P-propiolactone, and hypochloric and phenolic disinfectants (2, 
138, 147). 

V. PATHOLOGY AND IMMUNOLOGY 

A. Pathology in Experimental Animals 

Monkeys, guinea pigs, suckling mice, and hamsters have been ex- 
perimentally infected with filoviruses (30, 61, 114, 141, 148-150). MBG 
and EBO subtype Zaire are highly virulent for most of these species, 
and infection with low-passage virus stocks usually ends in death. 
Subtypes Sudan and Reston of EBO are less virulent, often causing a 
self-limited infection in guinea pigs and monkeys (32, 114, 151). 

The incubation period for rhesus and African green monkeys inocu- 
lated with MBG and EBO subtype Zaire is 4-16 days. High titers of 
viruses can be detected in liver, spleen, lymph nodes, and lungs by 
onset of clinical symptoms. All of these organs, especially liver, show 
severe necrosis due to virus replication in parenchymal cells. Little 
inflammatory response at  those sites is typical, which suggests that 
classical immunopathology may not be an  important pathogenic con- 
sideration. Interstitial hemorrhage occurs and is most prominent in 
the gastrointestinal tract. In infected nonhuman primates, thrombocyto- 
penia has been found accompanied by aggregation disorders of remain- 



38 HEINZ FELDMANN AND HANS-DIETER KLENK 

ing platelets in response to agonists such as ADP and collagen (61, 
152). Histopathological damage of the target organs is at  odds with 
serum transferase levels showing increase of ALT and AST with a ratio 
of ASTALT of 7:l. This argues against hepatocellular dysfunction and 
raises the question of extrahepatic targets. Recent morphologic studies 
on EBO Reston-infected monkeys of the 1989 outbreak demonstrated 
extensive virus replication in tissue macrophages, interstitial fibro- 
blasts of many organs, circulating monocyteslmacrophages and, less 
frequently, in endothelial cells, hepatocytes, adrenal corticoid cells, and 
renal tubular epithelium (33). Similar results have been reported from 
experimentally infected MBG and EBO subtype Zaire monkeys (62). 
The pathophysiological basis for the hemorrhage and shock is still 
unknown. Prostaglandin-mediated dysfunction of endothelial cells and 
platelets and an unspecific immune response have been suggested to play 
an important role in the pathogenesis of the shock syndrome (152). 
Recent data, however, suggest that effects of viral infection on endo- 
thelial cells and/or virus-mediated release of mediators from infected 
monocyteslmacrophages may be more important. 

B. Pathology in  Humans 

In fatal cases, generalized hemorrhage is found macroscopically in 
most organ systems. Microscopic changes include focal necrosis in liver, 
lymphatic organs, kidneys, testes, and ovaries. The liver, while univer- 
sally involved, with large eosinophilic intracytoplasmic inclusion bodies in 
hepatocytes and Councilman-like bodies within necrotic foci, is not the 
site of massive, potentially fatal necrosis. Generalized lymphoid necrosis 
is characteristic for the disease, and renal tubular necrosis is commonly 
found in agonal stages. A diffuse encephalitis as described for many viral 
infections has been observed in patients. Activation of the clotting system 
occurs and intravascular fibrin thrombi have been observed. Viral antigen 
can be detected by immunohistochemistry and electron microscopy in 
many organs, especially the liver, kidneys, spleen, and adrenal glands. 
Viral persistence has been demonstrated for MBG cases by isolation of 
virus from liver biopsy material and the anterior chamber of the eye after 
4-5 weeks and semen after 12 weeks, despite an apparently normal 
immune response (20,63, 127, 128, 134,153). 

C. Immunology 

The mechanisms of recovery from filovirus infections in humans and 
wild as well as laboratory animals are unknown. In uitro neutraliza- 
tion has never been demonstrated by plaque reduction in cell culture 
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systems, and protection by convalescence sera has never been clearly 
shown. Fatal filovirus infections usually end with high viremia and no 
evidence of an immune response. In humans and monkeys they lead to 
extensive disruption of the parafollicular regions in the spleen and 
lymph nodes that contain the antigen-presenting dendritic cells (63). 
EBO Reston infection in monkeys is an  exception in that a rise in 
nonproductive antibodies occurs shortly before death (128), Thus, cell- 
mediated immunity seems to mediate recovery from filovirus infec- 
tions, although proof has not yet been presented. 

GP is assumed to be the major antigenic molecule of virion particles. 
Its interaction with the host immune system may be modulated by the 
high content of carbohydrates. These sugars might cover antigenic 
epitopes, as has been demonstrated in other systems (154). For EBO, 
sGP production and secretion might interfere with the host immune 
response by neutralizing effective antibodies. As already mentioned 
filovirus GP molecules carry a presumably immunosuppressive do- 
main close to the C terminus (Figs. 6A and 7). Peptides synthesized 
according to that 26-amino-acid-long region (Fig. 7) inhibited the blas- 
togenesis of lymphocytes in response to mitogens, induced production 
of cytokines, and increased proliferation of mononuclear cells i n  vitro. 
Infected animals showed increased levels of mediators, in particular 
interferon and TNF. An activation of natural killer cells has been ob- 
served in the earlier stages of infection, whereas a complete lack of it 
has been observed in the later stages (155, 156). These findings are in 
line with the observation of immunosuppression in monkeys experi- 
mentally infected with filoviruses (MBG, EBO) and in humans and of 
proliferation of filoviruses in macrophages and monocytes in vivo and 
in  vitro (33, 61-63, 117, 149). Monkeys that survived experimental 
MBG infection were susceptible to reinfection and showed shorter in- 
cubation periods and increased viremia (157). It is not yet known if the 
immunosuppressive domain on the GP is functional on mature mole- 
cules, but evidence for GP mediation of the above-mentioned effects 
has recently been reported (145). 

D. Pat hop hy s iology 

The pathophysiological changes that make filovirus infections so 
devastating are just beginning to be unraveled. Pathogenesis in fatal 
infection in human and nonhuman primates is similar, suggesting the 
primate system as a model for studying filovirus HF (61, 62, 152, 158, 
159). Clinical and biochemical findings support the anatomical obser- 
vations of extensive liver involvement, renal damage, changes in vas- 
cular permeability including endothelial damage, and activation of the 
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clotting cascade. Visceral organ necrosis is a consequence of virus repli- 
cation in parenchymal cells. However, no organ, not even the liver, 
shows sufficient damage to account for death. The role of disseminated 
intravascular coagulation (DIC) in pathogenesis is still controversial, 
since a laboratory confirmation of DIC in human infections has never 
been demonstrated. In nonhuman primates the intrinsic clotting path- 
way is most affected, whereas the extrinsic pathway is spared. The 
consequence is DTC! in the final stages of the infection when paren- 
chyinal necrosis is extensive and lcads to common terminal pathways, 
including DIC. 

Laboratory parameters in the crucial early stage of filovirus HF, 
such ah high ASTALT ratio, normal bilirubin levels, and marked 
lymphopenia followed by a dramatic neutrophilia with left shift, sug- 
gest extrahepatic targets of infection. As with some other HFs [hemor- 
rhagic fever with renal syndrome (HFRS), dengue HI?, Lassa fever], 
fluid distribution problems and platelet abnormalities are dominant 
clinical manifestations indicating dysfunction or damage of endothelial 
cells and platelets. Post mortem there is little monocyte or macrophage 
infiltration in sites of parenchymal necrosis, suggesting that dysfunc- 
tion of' white blood cells also occurs. Morphological studies on EBO 
Reston-infected monkeys from the 1989 epizootic (33) and monkeys 
experimentally infected with ERO Zaire (62) showed that monocytest 
macrophages and fibroblasts may be the preferred sites of virus repli- 
cation in early stages, whereas other cell types may become involved as 
the disease progresses. Human monocytes/macrophages in culture are 
also sensitive to infection resulting in massive production of infectious 
virus and cell lysis (117). Although the studies on infected nonhuman 
primates did not identify endothelial cells as sites of massive virus 
replication, in vitru studies and post-mortem observations of humun 
cases clearly demonstrated that endothelial cells of human origin are 
suitable targets for virus replication (63, 116). Here infection leads to 
cell lysis, indicating that damage of endothelial cells may be an 
important pathophysiological parameter during infection. 

Besides evidence for direct vascular involvement in infected hosts, 
the role of active mediator molecules in the pathogenesis of the dis- 
orders has to be discussed. Although the source of these mediators 
during filovirus infections is still unknown, candidate cells exist. Be- 
sides the endothelium, which has yet to be examined for production 
and secretion of such mediators, the common denominator remains the 
monocytelmacrophage, a cell type shown to be a site of virus replication 
in uiuo (33, 62, 63) and in uitro (117). Monocytes/macrophages are 
known as a pivotal source of different proteases, H202,  and mediators 
such as tumor necrosis factor alpha (TNF-a), interleukins 6 and 8, and 
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BM 

FIG. 10. Schematic drawing illustrating the possible role of macrophages and endo- 
thelial cells in the development of hemorrhagic fever caused by filoviruses. EC, endo- 
thelial cell; MAC, macrophage; Vir, virus particle; CAM, cell adhesion molecule; E, 
erythrocyte; BM, basement membrane; N, nucleus; V, vacuole. 

platelet-derived growth factor (PDGF). TNF-a can result in secondary 
activation of mediators with important protective as well as deleteri- 
ous effects. Recently it has been demonstrated that supernatants of 
filovirus-infected monocyte/macrophage cultures are capable of in- 
creasing paraendothelial permeability in an in. uitro model (117). Ex- 
amination for mediators in those supernatants revealed increased 
levels of secreted TNF-a, the prototype cytokine of macrophages. These 
data support the concept of a mediator-induced vascular instability 
and thus increased permeability as a key mechanism for the develop- 
ment of the shock syndrome seen in severe and fatal cases. Thus, the 
syndrome may be comparable to symptomatic shock in response to 
various endogenous and exogenous mediators (160-163). The bleeding 
tendency could be due to endothelial damage caused directly by virus 
replication as well as indirectly by cytokine-mediated processes. The 
onset of the bleeding tendency is supported by the loss of the integrity 
of the endothelium as demonstrated in tissue and organ culture (116) 
and infected animals (152). The hemorrhage occurs later in infection 
and could be due to extended damage which cannot be repaired by 
wound-healing mechanisms (164). The bleeding tendency is reinforced 
by a decrease in the bloodstream as a common consequence of shock. 
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The combination of viral replication in  endothelial cells and virus- 
induced cytokine release from monocyteslmacrophages may also pro- 
mote a distinct proinflammatory endothelial phenotype that then 
triggers the coagulation cascade. A model summarizing the above dis- 
cussed pathophysiological events is illustrated in Fig. 10. 

NOTE 
GenBank/EMBL data lihrary accession numbers for nuclcotide and amino acid 

sequences are as follows: MBC strain Musoke (EMBL data library, 212132); MBG strain 
Popp (EMBL data lihrary-X64405, X64406, X68493, X68494, X68495, 229337); Ebola 
subtype Zaire, strain Mayinga (GenBank, 1,11365). 
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