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Abstract

This review addresses the diagnostics of viral hemorrhagic fevers (VHFs). In the first part, an overview is given on classical methods
of VHF diagnostics as well as novel molecular diagnostic tools. Currently available polymerase chain reaction (PCR) assays for diagnosis
of VHF are summarized and discussed. In the second part, VHF diagnostics are described in particular for Lassa fever, yellow fever,
and Crimean-Congo hemorrhagic fever, based on cases that were imported into or occurred within Europe. The third part is focussed on
important differential diagnoses of VHF.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Part I

1.1. Introduction

The increase in travel activities to tropical countries and
the international commitment in conflict and disaster sit-
uations have made the import of viral hemorrhagic fevers
(VHFs) into Europe a more likely event than in the past.
The possible threat of attacks with biological warfare agents
has additionally risen the interest in VHF pathogens. Some
of the viruses causing VHF can cause epidemics due to
human-to-human transmission and have to be identified or
excluded fast and reliably. Several European countries have
established facilities of biosafety level (BSL) 4 for handling
and diagnosing contagious VHF agents, like Ebola and Mar-
burg viruses, Lassa virus, or Crimean-Congo hemorrhagic
fever (CCHF) virus in the recent years. Others are taking
the initiative to establish such laboratories.

Molecular diagnostic tools like the polymerase chain re-
action (PCR) and other nucleic acid amplification techniques
(NATs) meet the necessity to rapidly identify VHF or bi-
ological warfare agents. These techniques are suitable for
identification of viruses, bacteria, parasites, and fungi. In
contrast to classical diagnostic methods which are based
on the detection and identification of the intact organism,
NAT detect the genetic material of a pathogen and thus
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reduce the contact with infectious material to a minimum.
The Bernhard-Nocht-Institute of Tropical Medicine has es-
tablished a facility for VHF diagnostics in the recent years.
While PCR techniques serve as the first-line tool, the full di-
agnostic spectrum involves classical methods such as virus
culture and serological testing. In particular the latter tech-
niques require work in BSL-3 and BSL-4 laboratories. The
facility is consulted by hospitals from Germany and also
from other European countries when VHF is suspected.

In the first part, this review addresses the clinical and
virological aspects of VHF and provides an overview on
tools for VHF diagnosis. In the second part, VHF diagnos-
tics is described particularly for Lassa fever, yellow fever,
and CCHF cases that were imported into or occurred within
Europe. The third part is focussed on important differential
diagnoses of VHF.

1.2. Viral hemorrhagic fevers

The term “viral hemorrhagic fever” describes a vari-
ety of viral diseases which are characterized by fever and
bleeding in humans. This syndrome is caused by RNA
viruses belonging to the families Filoviridae (Ebola virus
and Marburg virus), Arenaviridae (Lassa virus, Junin virus,
Machupo virus, Guanarito virus, and Sabia virus), Bun-
yaviridae (CCHF virus, Rift Valley fever (RVF) virus, han-
taviruses), and Flaviviridae (yellow fever virus and dengue
virus) (Table 1). After transmission from their reservoir host
or vector to humans, these viruses cause an acute infection
and there is no evidence of chronic courses.
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Table 1
Relevant VHF viruses

Virus (host or vector) Disease Endemic region

Lassa virus (rodents) Lassa fever Africa: Guinea, Sierra Leone, Liberia, Nigeria (also Ghana, Ivory
Coast, or Burkina Faso)

Junin virus, Guanarito virus, Machupo
virus, Sabia virus (rodents)

Argentine, Venezuelan, and
Bolivian hemorrhagic fever

South America: Argentina, Venezuela, Bolivia, Brazil

Ebola virus (unknown host) Ebola hemorrhagic fever Africa: Gabon, Democratic Republic of Congo, Uganda,
Sudan, Ivory Coast
Asia: Philippines

Marburg virus (unknown host) Marburg hemorrhagic fever Africa: Uganda, Zimbabwe, Kenya, Democratic Republic of Congo
Crimean-Congo hemorrhagic fever

virus (Hyalommaticks)
Crimean-Congo hemorrhagic fever Africa and Near-, Middle-, Far East (Pakistan, Afghanistan, China)

Europe: Balkan countries
Rift Valley fever virus (mosquitoes) Rift Valley fever Sub-Saharan Africa, Egypt, first outbreak outside Africa in 2000

in Yemen and Saudi Arabia
Yellow fever virus (Aedesmosquitoes) Yellow fever Tropical Africa and Central-/South America (Asia is still free of

yellow fever)
Dengue virus (Aedesmosquitoes) Dengue fever, dengue hemorrhagic

fever, dengue shock syndrome
Tropical and subtropical areas world-wide (increasing incidence
in Latin America and Asia)

Hantavirus (rodents) Hemorrhagic fever with renal
syndrome (HFRS)

Europe and Asia (China, Korea)

The clinical symptoms in the early phase of a VHF are
very similar irrespective of the causative virus and resemble
a flu-like illness or a common enteritis. Headache, myalgia,
gastrointestinal symptoms, and symptoms of the upper res-
piratory tract dominate the clinical picture. Hepatitis is also
common. Therefore, especially in the early phase virological
testing is of utmost importance in diagnosis. The late phase
of a VHF is more specific and characterized by organ mani-
festations and organ failure. Hemorrhage, the hallmark of a
VHF, is present only in a fraction of patients depending on
the virus species or even the virus strain. Mild and subclin-
ical courses seem to occur in all hemorrhagic fevers. How-
ever, if the disease is symptomatic, the case fatality ranges
between 5 and 30%, but may be as high as 80% in Ebola
fever.

With a few exceptions, currently there exists no specific
and effective therapy for VHF. The drug ribavirin is effec-
tive against Lassa virus, Hantaan virus, and possibly CCHF
virus as well. Cases of Lassa fever and yellow fever recently
imported into Europe demonstrate that even state-of-the-art
intensive care cannot prevent a fatal outcome (see Part II).
Vaccines have been developed against yellow fever virus
(Theiler and Smith, 1937), Junin virus (Maiztegui et al.,
1998), and RVF virus (Pittman et al., 1999).

1.3. Epidemiology of VHF

Each VHF is endemic in specific geographic regions
(Table 1). Most but not all VHF are restricted to tropical
and subtropical areas. In Europe, only hantavirus and CCHF
virus are endemic. The specific geographical distribution of
a VHF is explained at least in part by the distribution of
the reservoir host and the vector species which are required
to maintain the transmission cycle of the virus. Reservoirs

of VHF viruses are rodents (arenaviruses) and other ver-
tebrates (yellow fever virus, RVF virus, and CCHF virus).
Vectors are arthropods (mosquitoes (flaviviruses and RVF
virus) and ticks (CCHF virus)). A reservoir and possible
vector of Ebola and Marburg virus has not yet been identi-
fied. It is of particular epidemiological relevance to know
whether a VHF virus can be transmitted from human to
human. In the endemic regions, human-to-human trans-
mission has been observed with Ebola virus, Lassa virus,
and CCHF virus. While Ebola virus seems to remain ge-
netically stable after repeated transmission among humans
(Rodriguez et al., 1999) and has caused large epidemics
after single transmissions from the reservoir to humans
(Khan et al., 1999), CCHF virus and possibly also Lassa
virus may become attenuated after a few passages in hu-
mans. There are specific conditions which have facilitated
outbreaks of Ebola and Lassa fever in Africa in the past,
especially poor sanitary conditions in the hospitals and the
absence of proper barrier-nursing techniques (Fisher-Hoch
et al., 1995b; Khan et al., 1999).

The incubation period of a VHF ranges from 2 days for
Ebola virus (Ndambi et al., 1999) up to 3 weeks, for ex-
ample for Lassa virus (McCormick et al., 1987a). During
this period of time and whilst first non-specific symptoms
are present, the infection may be unperceivedly imported
into non-endemic regions. If a VHF is suspected in a trav-
eler, the travel route can give the decisive clue concerning
the causative virus. However, travelers have also acquired
VHF agents outside of hitherto established endemic re-
gions. Examples are cases of Marburg fever in Zimbabwe
(Gear et al., 1975), of Ebola fever in Ĉote D’Ivoire (Le
Guenno et al., 1999) and of Lassa fever in an area covering
Burkina Faso, Ĉote D’Ivoire, and Ghana (Günther et al.,
2000).
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1.4. Laboratory diagnosis of VHF

Isolation of the virus in cell culture or laboratory animals,
PCR, virus antigen detection, electron microscopy, and de-
tection of specific antibodies in the patient’s serum are com-
mon methods for laboratory diagnosis of a VHF.

1.4.1. Virus culture and antigen testing
The inoculation of cultured cells with serum, cere-

brospinal fluid (CSF), or other body fluids or tissue extracts
is the classical method to isolate and detect VHF viruses.
Filo-, bunya-, arena-, and flaviviruses grow in culture cells
(often Vero cells are used). An alternative is the initial pas-
saging of the isolate in a laboratory animal, which may be
more sensitive than cell culture. A cytopathic effect is some-
times an unspecific sign of virus growth. Specific detection
of the isolate may be accomplished by PCR on the cul-
ture supernatant or cells, detection of virus antigen in cells
by immunofluorescence using virus-specific antibodies, or
electron microscopy. Detection of a virus is independent of
virus strain or species if broadly cross-reactive antibodies or
electron microscopy (if the titer is high and the virus has a
characteristic morphology) are available. Furthermore, sub-
stances inhibiting enzymatic reactions such as PCR usually
do not affect viral growth in tissue culture. Finally, virus
isolation opens the possibility to characterize the isolate in
detail. A disadvantage is the time (days to weeks) required
to isolate the virus and the need of BSL-3 of BSL-4 facili-
ties. Direct demonstration by electron microscopy of viruses
which show a specific morphology, such as filoviruses, is
possible in organ sections and in serum, but high virus
concentrations are needed for this purpose (>107 parti-
cles/ml serum; 105 ml−1 after ultracentrifugation) (Biel and
Gelderblom, 1999).

Antigen tests are based on detection of virus proteins
using specific antibodies, either after antibody-mediated
capture of the antigen or directly in tissue by immunohis-
tochemistry. Antigen tests are hardly influenced by virus
variability and robust, which is advantageous under subop-
timal laboratory conditions. The high virus concentration
in Ebola and Lassa fever patients often facilitates antigen
detection, although the tests are clinically less sensitive than
PCR (Bausch et al., 2000; Leroy et al., 2000a). A simple
diagnostic test for Ebola virus is the detection of antigen by
immunohistochemistry in skin biopsies (Zaki et al., 1999).

1.4.2. Serological tests
Indirect immunofluorescence using virus-infected cells is

a common antibody test for VHF viruses. ELISA tests us-
ing recombinant protein or infected cells as antigen have
also been developed (ter Meulen et al., 1998; Ksiazek et al.,
1999; Bausch et al., 2000; Saijo et al., 2002). Although the
interpretation of immunofluorescence requires experience,
the assay has advantages over other methods. Firstly, there
is a long standing experience with this technique, which is
important in rare diseases when only a limited number of

sera is available to evaluate new assays. Secondly, all pro-
teins of a virus serve as antigen, and thirdly, each virus
generates a characteristic fluorescence pattern which adds
specificity to the assay compared to an ELISA readout. A
difficulty (or an advantage if a virus-specific test is not avail-
able) with immunofluorescence tests is that they often de-
tect cross-reacting antibodies resulting from infections with
related viruses. The relevance of antibody testing in acute
VHF depends on the virus and the duration of illness. Early
during illness, specific IgM is often not present yet, and pa-
tients who die of VHF can fail to seroconvert at all. How-
ever, in dengue virus and hantavirus infections, specific IgM
often is the only detectable marker because virus is rapidly
cleared. If only specific IgG is detectable, at least a four-fold
increase in the titer should be demonstrated to prove an acute
infection. The prevalence of VHF virus-specific IgG anti-
bodies in the population of endemic areas may be remark-
ably high, especially for Ebola virus (Johnson et al., 1993),
CCHF virus (Tikriti et al., 1981), RVF virus (Johnson et al.,
1983) and Lassa virus (McCormick et al., 1987b). Demon-
stration of specific IgG at the beginning of the disease is
of prognostic relevance in dengue virus infections, because
pre-existing IgG, indicating previous infection with another
dengue serotype, increases the risk of dengue hemorrhagic
fever (DHF).

1.5. Molecular diagnostics—PCR

This review will focus on PCR-based methods. Other
molecular diagnostic techniques such as nucleic acid
sequence-based amplification (NASBA) and transcription-
mediated amplification (TMA), which are summarized by
the term NAT, have not yet been described for VHF agents.

1.5.1. Specimens and RNA preparation
The common clinical material used for VHF PCR is serum

or plasma. Collection of blood in EDTA tubes ensures the
highest PCR efficiency compared with serum, heparin, or
citrate tubes (Holodniy et al., 1991; Dickover et al., 1998).
Testing of CSF is useful when neurological symptoms are
present. For example, Lassa virus was detected in CSF, but
not in serum, in a patient with an atypical course of Lassa
fever (Günther et al., 2001) (see Part II), and there are reports
on the detection of dengue virus in CSF (Hommel et al.,
1998). Since many viruses replicate in the upper respiratory
tract, throat washings can be used to detect VHF viruses.
Lassa virus was detected in such specimens (Monath et al.,
1974; Johnson et al., 1987; Schmitz et al., 2002). Testing
of urine is appropriate even after recovery from Lassa virus
infections (Monath et al., 1974; Lunkenheimer et al., 1990).
Similarly, Ebola virus RNA has been found in seminal fluid
for long periods of time after recovery (Rodriguez et al.,
1999). In asymptomatic Ebola virus infections, RNA was
detected in PBMC (Leroy et al., 2000b).

Viral RNA from cell-free fluids can reliably be iso-
lated with silica column affinity chromatography. Lysis is
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accomplished by guanidinium salts. Chromatography
methods are fast—which is a relevant aspect in VHF
diagnostics—reproducible, and largely remove inhibitory
substances. These purification techniques are also used for
detection of RNA viruses in critical settings like blood
donor screening (Roth et al., 1999). Volumes between 100
and 200�l of body fluid are usually extracted, and the
resulting nucleic acids are dissolved in volumes of about
50–100�l. The maximum volume of nucleic acid solution
in the PCR should be not more than 20% of the reaction
volume to limit the input of residual substances which
inhibit PCR (alcohol, salt, hemoglobin, heparin, etc.).

1.5.2. Primer design
The design of primers for PCR of VHF viruses can pose

considerable problems. VHF agents are RNA viruses charac-
terized by a high degree of genetic variability. The presence
of up to four internal mismatches between primer and tem-
plate seems to have little effect on product yield. However,
five or more internal mismatches or a single mismatch at
the 3′ position can drastically reduce PCR efficiency (Kwok
et al., 1990; Christopherson et al., 1997). Therefore, it is
important that as many sequences as possible from various
strains and phylogenetic lineages are included in the primer
design. Unfortunately, sequence information on VHF viruses
is often limited, and in the past PCR assays had to be es-
tablished on the basis of very few sequences. In this review,
published primers were evaluated in light of novel sequence
information and some assays were found to require revision
(seeTables 2–5). Frequent mismatches at the same posi-
tion may be compensated for by add-in primers. Reliable
primers are those which are able to bind to several species
of a virus genus or even family. For example, the 5′ and 3′
ends of the arenaviruses genomes are extremely conserved
and therefore represent an ideal target sequence.

1.5.3. Reverse transcription PCR
Since all VHF viruses are RNA viruses, their detection

requires reverse transcription of the RNA into cDNA prior
to PCR (so-called RT-PCR). In almost all diagnostic PCRs
for VHF viruses, cDNA synthesis is performed in a separate
reaction vial before PCR. This procedure is referred to as
two-step RT-PCR.

The recent development of one-step RT-PCR systems
can make RT-PCR faster and more sensitive. Reverse tran-
scription and PCR has first been performed in one reaction
tube using Tth polymerase, a thermostable DNA-dependent
DNA polymerase from bacteriumThermus thermophilis
which also exhibits reverse transcriptase (RT) activity. This
system has already been applied to filoviruses (Sanchez
et al., 1999; Gibb et al., 2001a,b). An alternative one-step
system is based on a mixture of a professional retroviral
RT and inactivated Taq polymerase. The reversible inac-
tivation of the Taq polymerase prevents the generation of
by-products during the RT step, which would otherwise
hamper specific amplification during the PCR step. Upon

heating to PCR temperature, the Taq polymerase is activated
(so-called hot-start enzyme). Such systems are reliably used
in high-throughput screening for HIV in the blood bank
setting (Drosten et al., 2001) and have been applied for a
variety of VHF viruses (Drosten et al., 2002a; Preiser et al.,
2002).

1.5.4. Modified conventional PCR
Nested or semi-nested PCR can increase the sensitivity

(more cycles are possible than in a single-round PCR) and
specificity of a reaction (additional oligonucleotides have to
recognize the target sequence), and is therefore often used in
VHF diagnostics (Schwarz et al., 1996; Deubel et al., 1997;
ter Meulen et al., 1998; Leroy et al., 2000b; Sall et al., 2001;
Scaramozzino et al., 2001). Alternatively, PCR products can
be subjected to Southern blotting which reaches compara-
ble sensitivity and specificity (Lunkenheimer et al., 1990;
Trappier et al., 1993; Demby et al., 1994; Burt et al., 1998;
Leroy et al., 2000a). The disadvantages of these methods
are the increase in processing time and the increased risk of
DNA contamination due to additional manipulations. Novel
PCR techniques can obviate the need of nested PCR or
Southern blotting. First, one-step RT/Taq polymerase for-
mulations can reach the sensitivity of nested PCR in a single
round (C. Drosten, unpublished data) and second, real-time
PCR probes (see subsection 1.5.5) can yield a similar speci-
ficity as “nested” primers.

Because a wide spectrum of agents has to be tested in sus-
pected VHF cases, the application of multiplex PCR seems
to be a reasonable means to save time. However, multiplex-
ing generally reduces the sensitivity of each individual test
due to interference between the oligonucleotides and im-
pedes optimization if each pair of primers requires other re-
action conditions. This is probably the reason why no mul-
tiplex tests have been developed to diagnose VHF. As an
alternative, PCRs for several VHF agents have been opti-
mized on the basis of uniform cycling conditions. The re-
actions are performed simultaneously but in separate tubes,
which speeds up testing (Drosten et al., 2002a).

1.5.5. Real-time PCR
So far, only few real-time PCR assays for VHF viruses

have been published (Garcia et al., 2001; Gibb et al.,
2001a,b; Drosten et al., 2002a). However, as this exciting
new technique has several advantages over conventional
diagnostic PCR, it is described here in more detail. In
real-time PCR, the synthesis of the amplification product
is monitored during the reaction allowing quantification of
the virus RNA in the sample. The specificity of the reac-
tion can be increased by using specific detection probes.
Furthermore, the risk of contamination is greatly reduced
as the PCR product is detected within the closed tube.

Real-time detection is accomplished by various fluores-
cence detection methods which are either sequence-depen-
dent or sequence-independent. The latter work with dyes
intercalating into double-stranded DNA, like SybrGreen or



C
.

D
ro

ste
n

e
t

a
l./A

n
tivira

l
R

e
se

a
rch

5
7

(2
0

0
3

)
6

1
–

8
7

65

Table 2
Filovirus PCR

PCR Virus and target region Method Primer Sequence Quality score X/Y/Za Sensitivity Reference

1 Filovirus polymerase Two-step Filo-B atgtggtgggttataataatcactgacatg (g) 11/0/0b Clinical 100% Sanchez et al. (1999)
Filo-A atcggaatttttctttctcatt (ag) 9/0/0b family GS: virus isolation, antigen test

2 Filovirus polymerase Two-step SB -”- -”- -”- Clinical 100%
GS: antigen test, serology

Leroy et al. (2000a)

3 Filovirus polymerase One-step
Real-time

-”- -”- -”- 95% detection limit: 2647
copies/ml 15 copies/PCR

Drosten et al. (2002a)

4 Ebola Two-step EBO-GP2 tttttttagtttcccagaaggcccact (g) 16/0/0 clinical 100% Sanchez et al. (1999)
GP EBO-GP1 aatgggctgaaaattgctacaatc (ag) 18/0/0 GS: virus isolation, antigen test

5 Ebola–Reston One-step RES-NP2 caagaaattagtcctcatcaatc (g) 2/0/0c Clinical 100% Sanchez et al. (1999)
NP RES-NP1 gtatttggaaggtcatggattc (ag) 2/0/0c GS: antigen test

6 Ebola–Zaire One-step ZAI-NP2 gcatattgttggagttgcttctcagc (g) 8/0/0d Analytically more sensitive
than PCR no. 1

Sanchez et al. (1999)
NP ZAI-NP1 ggaccgccaaggtaaaaaatga (ag) 8/0/0d

7 Ebola–Zaire/Sudan One-step
Real-time

EBOGP-1Dfwd tgggctgaaaaytgctacaatc (ag) 12/0/0e 10–100 fg viral Gibb et al. (2001a)
GP EBOGP-1Drev ctttgtgmacatascggcac (g) 12/0/0e RNA/PCR

EBOGP-1ZPrb FAM-ctaccagcagcgccagacgg-TX 3–8 pfu/PCR
EBOGP-1SPrb VIC-ttacccccaccgccggatg-TX

8 Marburg One-step MBGGP3fwd ttcccctttggaggcatc (ag) 6/0/0 2–5 pfu/PCR Gibb et al. (2001b)
GP Real-time MBGGP3rev ggaggatccaacagcaagg (g) 6/0/0

MBGGP3prb FAM-cgatgggctttcaggacaggtgt-TX

Abbreviations: g/ag, genomic/antigenomic primer; p, probe; SB, Southern blot; GS, gold standard for determining clinical sensitivity; pfu, plaque forming units; FAM, 6-carboxyfluorescein; TX,
6-carboxytetramethylrodamine.

a Homology of primers to published virus sequences (GenBank); X/Y/Z score indicates: X, number of published sequences overlapping the primer bindingsite (the more the better); Y, sequences
containing≥5 mismatches (the lesser the better); Z, sequences containing≥2 mismatches within five bases from the 3′-end of the primer or a mismatch at the ultimate 3′-base of the primer (the lesser
the better); “family” indicates that the primer binding site is even conserved within the virus family.

b Ebola and Marburg sequences.
c Only Ebola–Reston sequences.
d Only Ebola–Zaire sequences.
e Only Ebola–Zaire and –Sudan sequences.
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Table 3
Bunyavirus PCR

PCR Virus and target region Method Primer Sequence Quality score X/Y/Za Sensitivity Reference

1 CCHF Two-step F2 tggacaccttcacaaactc (ag) 19/0/0 Clinical 25% Schwarz et al. (1996)
NP Nested R3 gacaaattccctgcacca (g) 19/0/0 GS: suspect in outbreak

F3 gaatgtgcatgggttagctc (nested ag) 18/0/0
R2 gacatcacaatttcaccagg (nested g) 31/0/0

2 CCHF Two-step F2 tggacaccttcacaaactc (ag) 19/0/0 Clinical∼60% Burt et al. (1998)
NP SB R3 gacaaattccctgcacca (g) 19/0/0 GS: serology

Probe Nick-translated probe

3 CCHF One-step CCS atgcaggaaccattaartcttggga (ag) 70/0/0 95% detection limit: 2779
copies/ml 15 copies/PCR

Drosten et al. (2002a)

NP Real-time CCAS ctaatcatatctgacaacatttc and
ctaatcatgtctgacagcatctc (1:1 g)

37/0/0

4 RVF Two-step RVF1 gactaccagtcagctcattacc (ag) 3/0/0 0.5 pfu/PCR Ibrahim et al. (1997)
G2 Nested RVF2 tgtgaacaataggcattgg (g) 21/0/0

RVF3 cagatgacaggtgctagc (nested ag) 21/0/0
RVF4 ctaccatgtcctccaatcttgg (nested g) 21/0/0

5 RVF Two-step NSca ccttaacctctaatcaac (g) 2/0/0 Clinical 70% Sall et al. (2001, 2002)
NSs Nested NSng tatcatggattactttcc (ag) 2/0/0 GS: virus isolation; 0.5 pfu/PCR

NS3a atgctgggaagtgatgagcg (nested g) 2/0/0
NS2g gatttgcagagtggtcgtc (nested ag) 2/0/0

6 RVF Two-step S432 atgatgacattagaaggga (ag) 20/0/0 100 copies/PCR Garcia et al. (2001)
NSs Real-time NS3m atgctgggaagtgatgag (g) 2/0/0

CRSSar FAM-attgacctgtgcctgttgcca-TX

7 RVF One-step RVS aaaggaacaatggactctggtca (ag) 43/0/0 95% detection limit: 2835
copies/ml 16 copies/PCR

Drosten et al. (2002a)
G2 Real-time RVAs cacttcttactaccatgtcctccat (g) 21/0/0

RVP FAM-attgacctgtgcctgttgcca-TX

Abbreviations: g/ag, genomic/antigenomic primer; SB, Southern blot; GS, gold standard for determining clinical sensitivity; pfu, plaque formingunits; FAM, 6-carboxyfluorescein; TX,
6-carboxytetramethylrodamine.

a Homology of primers to published virus sequences (GenBank); X/Y/Z score indicates: X, number of published sequences overlapping the primer bindingsite (the more the better); Y, sequences
containing≥5 mismatches (the lesser the better); Z, sequences containing≥2 mismatches within five bases from the 3′-end of the primer or a mismatch at the ultimate 3′-base of the primer (the lesser
the better).
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Table 4
Arenavirus PCR

PCR Virus and
target region

Method Primer Sequence Quality score
X/Y/Za

Sensitivity Reference

1 Lassa Two-step 36E2 accggggatcctaggcattt (g) Family Clinical 100% Demby et al. (1994)
GPC SB 80F2 atataatgatgactgttgttctttgtca (ag) 11/2/0 GS: virus isolation;

1–10 copies/PCR

2 Lassa One-step -”- -”- -”- 95% detection limit: 2445
copies/ml 14 copies/PCR

Drosten et al. (2002a)
GPC Real-time

3 Lassa Two-step G2 cagaatctgacagtgtcca (ag) 7/0/0 Clinical∼85% Trappier et al. (1993)
GPC SB G1 gtgtgcagtacaacatgagt (g) 7/1/4 GS: virus isolation

probe gctcccaccccaagccatcc (p)

4 Lassa Two-step N2 ctgcccctgttttgtcagacatgcc (g) 7/3/5 102 TCID50 per PCR Lunkenheimer et al. (1990)
NP SB N1 ggggctcgggctgggagagatggag (ag) 7/4/2

N3 aatgcagagttgctcaataatcagttcgggacc (p)

5 Lassa Two-step GPC2 ggatggcttggggtgggagctactacat (g) 7/0/0 -”- -”-
GPC SB GPC1 ataaccgatgggagatggtctcgag (ag) 7/4/3

GPC3 ggcagtgatcttcccaggttgtattttggattatc (p) 7/1/0 50 TCID50 per PCR

6 Lassa Two-step N2+ tgtactgcatcattcagtcaac (g) 7/3/0 ter Meulen et al. (1998)
NP Nested N1+ aagtgcaggtgtctatatggg (ag) 7/3/5

N2 ctgcccctgttttgtcagacatgcc (nested g)
N4 caacctaagctcacagcaacttgac (nested ag) 7/5/4

7 Junin Two-step J2 ggcatccttcagaacat (g) 5/0/0 PCR 7 and 8 combined Lozano et al. (1995)
S RNA 1 cgcacagtggatcctaggc (ag) Family

8 Junin Two-step 1 cgcacagtggatcctaggc (ag) Family Clinical 98% -”-
S RNA J3 caaccacttttgtacaggtt (g) 43/0/1 GS: serology

9 Arenavirus Two-step RT cgcaccgdggatcctaggc (g/ag) Family Positive with hightitered
serum and CSF

Günther et al. (2000)

PCR2 cgcaccgaggatcctaggcatt (g/ag) Family
PCR3 cgcaccggggatcctaggcaatt (g/ag) Family
PCR4 cgcaccggggatcctaggctt (g/ag) Family

Abbreviations: g/ag, genomic/antigenomic primer; p, probe; SB, Southern blot; GS, gold standard for determining clinical sensitivity; TCID50: 50% tissue culture infectious dose; FAM, 6-carboxyfluorescein;
TX, 6-carboxytetramethylrodamine.

a Homology of primers to published virus sequences (GenBank); X/Y/Z score indicates: X, number of published sequences overlapping the primer bindingsite (the more the better); Y, sequences
containing≥5 mismatches (the lesser the better); Z, sequences containing≥2 mismatches within five bases from the 3′-end of the primer or a mismatch at the ultimate 3′-base of the primer (the lesser
the better); “family” indicates that the primer binding site is even conserved within the virus family.
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Table 5
Flavivirus PCR

PCR Virus and target region Method Primer Sequence Quality score X/Y/Za Reference

1 Flavivirus Two-step 1 ggtctcctctaacctctag (g) Genus Tanaka (1993)
NS5/3′-NCR 2 agtggatgaccacggaagacatg (ag) Genus

2 Flavivirus Two-step DV1 ggracktcaggwtctcc (g) Genus Chow et al. (1993)
NS3 DV3 aartgigcytcrtccat (ag) Genus

3 Flavivirus Two-step FG1 tcaaggaactccacacatgagatgtact(g) Genus Fulop et al. (1993)
NS5 FG2 gtgtccatcctgctgtgtcatcagcataca(ag) Genus

4 Flavivirus Two-step EMF1 tggatgacsackgargayatg (g) Genus Pierre et al. (1994)
NS5/3′-NCR VD8 gggtctcctctaacctctag (ag) Genus

5 Flavivirus Two-step CFDJ9977 gcatgtcttccgtcgtcatcc (g) Genus Chang et al. (1994)
NS5 FUDJ9166 gatgacacagcaggatgggac (ag) Genus

6 Flavivirus Two-step DJA tccatcccatacctgca (g) Genus Meiyu et al. (1997)
NS1 DJS gacatggggtattggat (ag) Genus

7 Flavivirus Two-step MA catgatgggraaragrgarrag (ag) Genus Kuno (1998)
NS5 cFD2 gtgtcccagccggcggtgtcatcagc (g) Genus

8 Flavivirus Two-step MAMD aacatgatggraaragrgaraa(g) Genus Scaramozzino et al. (2001)
NS5 Nested cFD2 gtgtcccagccggcggtgtcatcagc (ag) Genus

FS778 aargghagymcdgchathtggt (nested g) Genus

9 Yellow fever Two-step EMF1 tggatgacsackgargayatg (g) Genus Deubel et al. (1997)
NS5/3′-NCR Nested VD8 gggtctcctctaacctctag (ag) Genus

NS5YF atgcaggacaagacaatggt (nested g) 17/0/0

10 Yellow fever, West African One-step 269R tgaaaggcgcggaacg (g) 39/0/0 Preiser et al. (2002)and
personal communication

Strains Real-time 127F ccagttcaagccgccaaatag (ag) 25/0/4b

Envelop 150T FAM-cggtgtttggctctgctttcagg-TX

11 Yellow fever One-step YFS aatcgagttgctaggcaataaacac (g) 31/0/0 Drosten et al. (2002a)
5′-NCR Real-time YFAS tccctgagctttacgaccaga (ag) 32/0/0

YFP FAM-atcgttcgttgagcgattagcag-TX

Abbreviations: g/ag, genomic/antigenomic primer; p, probe; SB, Southern blot; FAM, 6-carboxyfluorescein; TX, 6-carboxytetramethylrodamine.
a Homology of primers to published virus sequences (GenBank); X/Y/Z score indicates: X, number of published sequences overlapping the primer bindingsite (the more the better); Y, sequences

containing≥5 mismatches (the lesser the better); Z, sequences containing≥2 mismatches within five bases from the 3′-end of the primer or a mismatch at the ultimate 3′-base of the primer (the lesser
the better); “genus” indicates that the primer binding site is even conserved within the virus genus.

b West African strain sequences only.
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SybrGold. These dyes detect any PCR product, e.g. both
specific and unspecific products. The specific product may
be discriminated from by-products at the end of the reaction
by melting point analysis (Wittwer et al., 1997). However,
a positive signal must be confirmed by other methods such
as sequencing, especially in VHF diagnostics.

Sequence-dependent detection is accomplished by bind-
ing of dye-labeled hybridization probes to the PCR product.
This increases the specificity of PCR compared to Sybr-
Green or conventional agarose gel detection. So-called 5′
nuclease or TaqMan probes have a fluorescence dye on each
end (Livak et al., 1995; Lie and Petropoulos, 1998), one
of which is excited by light and transfers the energy to the
second dye (fluorescence quenching). The energy is emitted
from the second dye as long-wave light. If a specific PCR
product has been synthesized, the probe is cleaved upon hy-
bridization by the 5′–3′-exonuclease activity of Taq poly-
merase. Now, as the dyes are spatially separated, quenching
is no longer possible and the energy is emitted directly from
the first dye as short-wave light. This emission is recorded
during PCR (real-time detection).

Fluorescence resonance energy transfer (FRET) or kiss-
ing probes (Wittwer et al., 1997; Didenko, 2001) are a pair
of probes that hybridize in close proximity to each other to
the PCR product. Two dyes, one attached to each probe, fa-
cilitate transfer of the energy from the first to the second
dye if the probes hybridize to the specific product. The sec-
ond probe emits the energy as light of specific wavelength
which is measured.

Molecular beacons are stem-loop configured oligonu-
cleotides that contain dyes at each end, providing a fluo-
rescence quenching system as long as the stem is closed
(Piatek et al., 1998). When a PCR product is generated, the
loop hybridizes to the product, opening the stem. Quench-
ing is reversed and short-wave light is emitted. Molecular
beacons require highly conserved binding sites to be bound.
Therefore, they are less suitable for detection of highly
variable viruses like VHF viruses.

Only SybrGreen intercalation and 5′-nuclease probes
have been implemented in PCR assays for VHF viruses
so far (Garcia et al., 2001; Gibb et al., 2001a,b; Drosten
et al., 2002a). While 5′-nuclease probes provide much more
specificity than SybrGreen, the former require a conserved
binding site (though more mismatches are allowed than
with beacons). Some VHF viruses like Lassa virus are too
variable for probe detection. In these cases, SybrGreen can
facilitate real-time PCR (Drosten et al., 2002a).

Real-time PCR thermocyclers are equipped with a light
source for excitation and a fluorimeter. High-throughput ma-
chines are the 7000, 7700, and 9700 sequence detection sys-
tems (Applied Biosystems), the i-cycler (BioRad), and the
Opticon System (MJ Research). They utilize the 96-well
format, except of the 9700 machine, which processes 378
samples. Low-throughput machines include the LightCy-
cler (Roche), the SmartCycer (Cepheid), and the Rotor-
gene instrument (Corbett Research) in which 32, 16, and 36

(optional 72) samples, respectively, can be processed. These
machines perform PCR much faster than conventional ther-
mocyclers (an important aspect in VHF diagnostics) due to
small reaction volumes and very rapid temperature changes.
The SmartCycler can simultaneously perform up to 16 dif-
ferent cycling profiles. Only the 7700 machine can detect the
full spectrum of visible light and is therefore the most flexi-
ble if new dyes become available. All other machines detect
fixed wavelengths, limiting the range of possible dyes.

The number of PCR cycles necessary to yield a detectable
PCR product (threshold cycle) depends on the template RNA
concentration (Bustin, 2000). This concentration can be cal-
culated from the threshold cycle using a standard curve. The
standard curve is generated by amplification of serial dilu-
tions of quantified virus stock or in vitro transcribed viral
RNA (Garcia et al., 2001; Drosten et al., 2002a). Quantifica-
tion of viral RNA in serum may be of interest as a prognostic
parameter, in therapy monitoring, and in the risk assessment
of virus transmission to contact persons. Studying the clin-
ical significance of quantitative PCR will be an interesting
future topic in the VHF field.

1.5.6. Sensitivity of VHF PCR
In VHF it is often impossible to determine the clinical

sensitivity of a diagnostic method (for instance PCR-positive
per actual number of infected patients) because large panels
of samples from patients with established diagnosis are not
(generally) available. However, at least the analytical sensi-
tivity of the test can be determined, for example, in terms
of RNA copies, 50%-cell culture infectious doses, or plaque
forming units. A statistically precise determination of the
analytical sensitivity (usually expressed as the≥95% detec-
tion limit) is possible by testing a large number of replicate
samples with different template RNA concentrations, and
by subjecting the results (number of positive per number of
tested) to probit regression analysis (Finney, 1971; Saldanha,
1993, 1999, 2001; Damen et al., 1996; Drosten et al., 2000,
2001, 2002b; Smieja et al., 2001). If a few clinical samples
from VHF patients are available, it can be tested whether the
concentration of viral RNA in the clinical samples is suf-
ficiently high above the≥95% detection limit of the assay
(e.g.≥100-fold). This allows to estimate if a new PCR as-
say is suitable for diagnostics even if the clinical sensitivity
cannot be determined.

1.5.7. PCR inhibition
PCR inhibition has been reported to occur in 0.34 and

2.1% of serum samples tested by RT-PCR for HIV-1 and
HCV, respectively (Drosten et al., 2001; Nolte et al., 2001).
Inhibition can be caused by bad sample preparation, leav-
ing residual substances like phenol, salts, and alcohol in
the RNA solution. Furthermore, inhibitory substances may
originate from the specimen, for example heme (Akane
et al., 1994), leukocyte DNA (Morata et al., 1998), heparin
(Satsangi et al., 1994), bile, lactoferrin, and IgG (Al-Soud
et al., 2000). To detect inhibitory substances, an aliquot
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of the clinical specimen can be spiked with a low amount
of viral RNA (in vitro transcribed RNA or virus) prior
to RNA preparation and processed in parallel with the
original sample (Roth et al., 1999; Drosten et al., 2002a).
If this external inhibition control is negative, the speci-
men should be diluted prior to RNA preparation to lower
the concentration of inhibitors and be re-tested. Complete
inhibition has indeed been observed with samples from
patients with yellow fever and Ebola hemorrhagic fever
(Drosten et al., 2002c) (see Part II for details). Inhibition
control can be made more reliable using an artificial con-
trol RNA which is processed and amplified together with
the sample RNA in one tube (internal control) (Cone et al.,
1992; Kolk et al., 1994; Kox et al., 1994). This method is
more sophisticated as the control RNA must differ from
the target RNA between the primer binding sites to facil-
itate distinction of both amplicons, for example by probe
hybridization after PCR (Kox et al., 1996; Bassiri et al.,
1997; Pham et al., 1998; Rosenstraus et al., 1998; Johanson
et al., 2001) or during real-time PCR (Drosten et al., 2000,
2001; Lachnik et al., 2002). Although technically feasible,
internal inhibition control has not yet been implemented in
VHF PCR.

1.6. Published PCR methods for detection
of VHF viruses

1.6.1. Filoviruses
Ebola and Marburg viruses can be detected by Filoviridae-

specific primers binding to the polymerase gene. These
primers target sites that are highly conserved among the
virus family (Sanchez et al., 1999) and were applied in
PCRs of conventional and real-time format (Table 2, PCR
1–3). The glycoprotein gene of Ebola virus is used as a tar-
get to detect all four subtypes of Ebola virus (Zaire, Sudan,
Ivory Coast, Reston), but not Marburg virus (Table 2, PCR
4) (Sanchez et al., 1999). Furthermore, real-time PCRs in
the glycoprotein gene for differentiating Zaire and Sudan
strains, as well as for detecting Marburg virus are available
(Table 2, PCR 7, 8) (Gibb et al., 2001a,b). PCR tests tar-
geting the nucleoprotein gene detect and differentiate Ebola
subtypes Zaire and Reston (Table 2, PCR 5, 6). However,
differentiation between filovirus species or subtypes is not
required in the clinical situation.

Sensitivity studies have been mainly carried out using the
polymerase gene-specific PCR. The clinical sensitivity of
this PCR was 100% in two studies and thus higher than
virus isolation or antigen capture assay (Sanchez et al., 1999;
Leroy et al., 2000a). Furthermore, even in patients with silent
seroconversion, Ebola virus RNA can be detected in PBMC
by a nested format of the polymerase gene PCR (Leroy
et al., 2000b). The viral RNA concentration in a serum of a
convalescent and an acutely infected patient was 3×103- and
3 × 105-fold, respectively, above the detection limit of the
real-time format of the polymerase gene PCR (Drosten et al.,
2002a). Taking together the data on clinical and analytical

sensitivity, the polymerase gene PCR can be considered a
reliable tool to diagnose filovirus infections.

1.6.2. Bunyaviruses
CCHF virus is generally detected by RT-PCR targeting

the S RNA segment which is best characterized among the
three genomic segments (Table 3, PCR 1–3). However, the
virus could be detected by PCR in only 2/3 of retrospectively
(serologically) confirmed cases (Burt et al., 1998). RNA
concentration in serum was tested in one case of CCHF virus
infection and found to be 7.7× 105 copies/ml of plasma by
real-time PCR (Drosten et al., 2002a), which is about 3×102

times above the detection limit of that assay. According to
the current data, PCR is a useful tool in the diagnosis of
CCHF, but must be complemented by virus isolation and
serology.

For detection of Rift Valley fever virus, assays targeting
the M- and S-segment are available (Table 3, PCR 4–7).
Quantitative real-time PCR has also been developed (Garcia
et al., 2001; Drosten et al., 2002a) but has not yet been ap-
plied to clinical samples. Only one clinical evaluation study
has been conducted (Sall et al., 2002), showing a sensitivity
of 70.6% (Table 3, PCR 5). All samples negative by PCR
but positive by virus culture had detectable IgM, suggesting
that a combination of IgM and PCR testing seems to be at
least equivalent to virus isolation (Sall et al., 2002).

Similar to dengue fever, hantavirus infections causing re-
nal syndrome are usually diagnosed serologically because
the virus is rapidly cleared. Therefore, hantavirus PCR as-
says are not further discussed here.

1.6.3. Arenaviruses
All current diagnostic PCRs target the S RNA segment

(Table 4). For some Lassa virus PCRs, clinical evaluation
data is available showing 85 and 100% sensitivity (Table 4,
PCR 1, 3). These studies also demonstrate that virus is de-
tectable beginning at least from day 3 of onset of fever.
Quantitative real-time PCR was established (Table 4, PCR
2) and used to monitor virus RNA concentrations during the
course of disease in two cases of Lassa fever (Fig. 1, and
Part II, Lassa fever cases no. 1 and 2) (Drosten et al., 2002a;
Schmitz et al., 2002). The RNA concentrations in serum of
these patients were 5×102–2×106-fold above the detection
limit of the assay. Extensive sequence information for the
S RNA segment of Lassa virus has recently become avail-
able and reveals considerable genetic variability of the virus
(Bowen et al., 2000; Günther et al., 2000, 2001). In light of
these new sequences, some PCR primers, which had been
designed mainly on the basis of isolates from Guinea, Sierra
Leone, or Liberia, require revision (Table 4, PCR 3–6).

PCR assays are published for the New World arenavirus
Junin (Table 4, PCR 7, 8). Clinical sensitivity of the combi-
nation of the two different Junin PCRs was 98%.

A PCR predictably amplifying any member of the Are-
naviridae has been developed by targeting the highly con-
served termini of the S RNA segment (Günther et al., 2000).
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Fig. 1. Detection and quantification of Lassa virus in clinical specimens (A, B, and C) by real-time PCR using SybrGreen detection. Sera were diluted
1:100 to save material. The graphs show the real-time detection of the specific PCR products by fluorescence. A log 10 dilution series of in vitro-transcribed
Lassa virus RNA was amplified as a standard; the copy number/ml plasma is shown at the curves. The insert in the upper left corner depicts the standard
curve (x-axis: RNA concentration;y-axis: cycle number at first detection of PCR product) (modified fromDrosten et al., 2002a).

Although this PCR amplifies the whole 3.4-kb S RNA, it was
able to detect Lassa virus RNA in clinical samples (see Part
II). The L RNA segment of arenaviruses contains highly con-
served regions which are now being used to develop a PCR
assay that is able to detect various Old World arenaviruses
such as Lassa virus and lymphocytic choriomeningitis virus
(S. Vieth and S. Günther, unpublished data). In conclusion,
suspected Lassa virus infections will be identified by PCR
with high probability after day 3 of illness, but primers may
fail, due to the variability of the virus.

1.6.4. Flaviviruses
Yellow fever virus is usually detected using a universal

flavivirus PCR (Table 5, PCR 1–8). Most of these universal
assays target the NS5 which is highly conserved among
the flavivirus genus. Data on clinical sensitivity of these
assays for yellow fever are largely lacking. Only few yellow
fever virus-specific PCR tests have been published (Table 5,
PCR 9–11). A quantitative real-time PCR specific for yellow
fever virus exists, and in two cases (see Part II) the viral
RNA concentration in serum has been determined by this
assay (Drosten et al., 2002a,c). It was 2× 102- and 1×
103-fold above the PCR detection limit. Therefore, yellow
fever may be reliably diagnosed by PCR, but virus isolation
and serology must be performed in parallel.

Dengue hemorrhagic fever (DHF) is rare compared to
dengue fever (DF) and is almost exclusively seen in endemic
areas. The molecular diagnosis of dengue infection has been
extensively reviewed elsewhere (Guzman and Kouri, 1996;

Gubler, 1998). Noteworthy are recently developed real-time
PCR assays, which either detect all dengue virus subtypes
(Drosten et al., 2002a) or differentiate between the four sub-
types (Laue et al., 1999; Callahan et al., 2001; Houng et al.,
2001). Because dengue virus is rapidly cleared during infec-
tion, DF and DHF are usually diagnosed by detection of spe-
cific IgM (�-capture EIA), which may be complemented by
PCR and virus isolation. In a few imported cases of dengue
fever the diagnosis was established by PCR before the de-
velopment of specific IgM (C. Drosten, unpublished data).

Apart from yellow fever and dengue virus, rare fla-
viviruses such Kyasanur forest virus or Alkhurma virus
can cause a hemorrhagic fever (Pavri, 1989; Charrel et al.,
2001). Use of universal flavivirus PCRs is appropriate when
these infections are suspected and (other) typical VHF
agents have been ruled out.

2. Part II

2.1. Introduction

In the second part of this review we will illustrate clin-
ical, diagnostic, and epidemiological aspects of viral hem-
orrhagic fevers by means of cases which were imported to
Europe from endemic countries or which occurred within
Europe during the recent years. The lessons learnt from
these cases will be helpful in the management of viral hem-
orrhagic fevers in the future. A list of hemorrhagic viral
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Table 6
Viral diseases (VHF) imported into Europe in the recent years

Date Country of origin Imported to Pathogen Number of cases/fatalities Business/tourist

November 1994 Ivory Coast Switzerland Ebola virus 1/1 Business
April 1996 Brazil Switzerland Yellow fever virus 1/1 Unknown
February 1998 Zimbabwe UK CCHF virus 1/1 Unknown
August 1999 Ivory Coast Germany Yellow fever virus 1/1 Business
January 2000 Ghana, Ivory Coast,

or Burkina Faso
Germany Lassa virus 1/1 Tourist

February 2000 Sierra Leone UK Lassa virus 1/1 Business
March 2000 Nigeria Germany Lassa virus 1/1 Nigerian citizen
June 2000 Sierra Leone The Netherlands Lassa virus 1/1 Business
March 2001 Chile/Argentina France Hantavirus (Andes virus) 1/0 Tourist
May 2001 Kenya Germany Dengue virus (hemorrhagic

symptoms)
1/0 Tourist

November 2001 The Gambia Belgium Yellow fever virus 1/1 Tourist

The data were kindly provided by M. Niedrig, European Network for Imported Viral Diseases (ENIVD).

diseases imported into Europe during the last years is
shown in Table 6. The Bernhard-Nocht-Institute in Ham-
burg has been involved in the diagnosis of three cases of
Lassa fever, two cases of yellow fever as well as one case
of Crimean-Congo hemorrhagic fever. Following an intro-
duction into the life cycle of the three viruses and a general
description of the disease and its therapy and prevention,
the patient cases will be described. For more detailed infor-
mation on other hemorrhagic fever viruses such as Ebola
and Marburg virus, the reader is referred to accompanying
articles in this issue.

2.2. Lassa fever

2.2.1. Classification and morphology of the virus
Lassa virus belongs to the family Arenaviridae which

comprises only the genus arenaviruses. For excellent reviews
on all aspects of arenaviruses, seeOldstone (2002a,b). Are-
naviruses are classified as segmented negative strand RNA
viruses, although the genes are oriented in both negative
and positive sense on the RNA genome (a coding strategy
which is called ambisense). The Arenaviridae are phyloge-
netically closely related to other segmented negative strand
RNA viruses such as the Bunyaviridae and Orthomyxoviri-
dae with which they share several common features of the
replication cycle.

Arenaviruses are divided phylogenetically, serologically,
and geographically into two major complexes, the Old World
complex (e.g. Lassa virus, lymphocytic choriomeningitis
virus (LCMV)) and the New World complex (e.g. Tacaribe
virus, Junin virus, or Machupo virus). With the exception
of the prototype arenavirus LCMV, all other species show a
specific geographical occurrence. The restricted local occur-
rence of arenavirus species is at least partially explained by
the geographical distribution of the respective natural host or
reservoir species which are nearly exclusively rodents. In ad-
dition to Lassa virus, Junin, Machupo, Guanarito and Sabia
virus can cause hemorrhagic fever in humans, while LCMV
mostly causes a mild illness, usually meningitis. Propagation

of the former viruses requires laboratories of biosafety level
4, which are available in only few countries world-wide.

Arenaviruses share a characteristic morphology. In elec-
tron microscopic pictures, the interior of virion shows a
typical granular pattern (name bearing: arenosus= sandy),
which is surrounded by an envelope.

2.2.2. Genome structure
The single-stranded arenavirus genome consists of two

segments, a small (S) and a large (L) RNA fragment, with
a size of 3.4 and 7 kb, respectively (Fig. 2). The S RNA en-
codes the viral glycoprotein precursor protein (GPC) and the
nucleoprotein (NP). GPC is posttranslationally cleaved into
GP1 and GP2. The L RNA encodes the viral polymerase (L
protein) and a small, zinc-binding (Z) protein. The genes
are located on the RNA in opposite directions separated by
an intergenic region. The intergenic region of both segments
predictably folds into an stable secondary structure. The
terminal 19 nucleotides at the 3′ and 5′ ends of the RNA
segments are complementary to each other and are highly
conserved among all arenaviruses. They are believed to
function as a binding site of the viral polymerase. The viral
RNA which is predominantly found within virions is defined
as the genomic RNA. The genomic and antigenomic RNAs
themselves are not infectious after introduction into cells.

2.2.3. Viral life cycle
Lassa virus enters the cell via the receptor molecule

alpha-dystroglycan (Kunz et al., 2002). Replication and
transcription of the genome takes place in the cytoplasm of
an infected cell. During genome replication, a full-length
copy of the genomic S and L RNAs is synthesized yielding
the corresponding antigenomic S and L RNAs. Expression
of proteins requires transcription of mRNA from both the
genomic and antigenomic RNA within a ribonucleoprotein
complex (Fig. 2).

NP is the most abundant protein of the ribonucleocap-
sid, followed by Z protein and L protein. NP and L pro-
tein are sufficient for genome replication and transcription
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Fig. 2. (A) S and L RNA segments of the Lassa virus genome. (B) Model
of replication and gene expression of Lassa virus. The stem-loop structure
in the intergenic region is schematically shown. For details see the text
(modified fromMeyer and Southern, 1993).

(Lee and de la Torre, 2002). Besides of a structural function
(Salvato et al., 1992)—Z protein may function analogous
to matrix proteins—it seems to have a regulatory function
during infection due to its interaction with a variety of cel-
lular proteins (Borden et al., 1998a,b). The large L protein
most likely represents the viral RNA-dependent RNA poly-
merase. Within a central domain, it shares conserved motifs
with the catalytic domain of other viral RNA polymerases
(Lukashevich et al., 1997).

GPC is directed posttranslationally into the endoplasmic
reticulum. Cleavage of GPC into GP1 and GP2 occurs at a
later stage of the secretory pathway. The cellular protease
SKI-1/S1P was shown to be responsible for cleavage (Lenz
et al., 2001). Cleavage of GPC is required for incorporation
of glycoproteins into the virion envelope and thus for release
of infectious Lassa virus. The glycoproteins are transported
to the cell membrane where budding and release of the virus
takes place.

2.2.4. Epidemiology
Lassa fever is endemic in West Africa. The disease is

highly endemic in Sierra Leone, Guinea, Liberia, and Nige-
ria. One of the imported cases suggest that the virus is
endemic in larger areas of West Africa (see below). The
natural host of Lassa virus is the African rodentMastomys

natalensis, although there is some dubiety (Salazar-Bravo
et al., 2002). The rodents shed the virus in urine and
contamination by unprotected food is a likely mode of
transmission. A risk factor for transmission is also hunting
of Mastomysas a food source, which is associated with a
close contact with the rodent (ter Meulen et al., 1996). In
Africa, secondary infections from human to human occur
frequently in the hospital setting causing epidemics with
high fatality (Carey et al., 1972). Poor medical practice is
one reason for nosocomial spread of the virus (Fisher-Hoch
et al., 1995b). Barrier nursing techniques and adherence to
minimal standards of hygiene can effectively prevent trans-
mission of Lassa virus in the hospital setting (Fisher-Hoch
et al., 1985; Helmick et al., 1986).

The incubation period of Lassa fever may last up to 3
weeks. Therefore, the virus may be imported into other re-
gions of the world, while the infected person is asymp-
tomatic or shows early unspecific signs of Lassa fever. So
far, about 20 cases of imported Lassa fever have been re-
ported world-wide (Johnson and Monath, 1990). The risk of
secondary infections was investigated in cases of Lassa fever
imported into the U.S. and Great Britain (Zweighaft et al.,
1977; Cooper et al., 1982; Holmes et al., 1990). In contrast
to the situation in Africa, no clinically apparent secondary
cases were observed. Serological testing of contact persons
also disclosed no asymptomatic infections. Therefore, the
risk of human-to-human transmission due to imported Lassa
fever is considered low. Ribavirin, which is therapeutically
effective (McCormick et al., 1986a), has been used for post
exposure prophylaxis in some cases (Holmes et al., 1990).

2.2.5. Clinical manifestation and pathogenesis
Lassa fever is associated with a wide spectrum of clinical

manifestations. Initially, flu-like and gastrointestinal symp-
toms are present in most cases and the disease can, clini-
cally, hardly be distinguished from other viral, bacterial, or
parasitic infections. Hemorrhage and organ failure occurs in
a subset of patients and is associated with high mortality.
Neurological complications such as confusion, tremor, con-
vulsion, and coma are frequent in critically ill patients who
often die after the onset of these symptoms (Solbrig and
McCormick, 1991; Cummins et al., 1992; Solbrig, 1993).
Sensorineural deafness is a neurological complication of the
reconvalescence phase (Cummins et al., 1990). Typical clin-
ical courses as well as a new manifestation of Lassa fever—
an encephalopathy with the virus being detectable only in
CSF during the late phase of infection—are illustrated by
the case reports.

The pathogenesis of Lassa fever is poorly understood.
The virus can be isolated from essentially all organs, but
histopathological examination often reveals only lesions
which are not sufficient to explain organ failure and death
(Walker et al., 1982). Measurements of cytokines in two
cases of imported Lassa fever may point to an important
role of proinflammatory cytokines in pathogenesis (Schmitz
et al., 2002).
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2.2.6. Antivirals, therapy, and vaccination
A variety of compounds has shown antiviral activity

against arenaviruses in cell culture (Huggins et al., 1984;
Rodriguez et al., 1986; Burns et al., 1988; Andrei and De
Clercq, 1990, 1993; Nair and Ussery, 1992; Smee et al.,
1992; Candurra et al., 1996; Garcia et al., 2000; Wachsman
et al., 2000; Bartolotta et al., 2001). However, only the
broad-spectrum antiviral agent ribavirin, which significantly
reduces replication of Lassa virus and other arenaviruses
in cell culture (Jahrling et al., 1980; Huggins et al., 1984;
Rodriguez et al., 1986; Huggins, 1989), was tested in an-
imals. Early treatment of monkeys was fully protective,
while initiation of the therapy at day 7 conferred only partial
protection (Jahrling et al., 1980, 1984). In treated animals,
viremia developed more slowly and peaked at lower titers
than in untreated controls.

A clinical trial showed a therapeutic effect of the drug
in humans with Lassa fever (McCormick et al., 1986a). In
patients who had risk factors for a fatal outcome of the
disease at admission, like high liver enzyme levels, and were
treated within the first 6 days after the onset of fever, the case
fatality rate decreased from 55 to 5%. Similarly, in patients
showing high viremia as a risk factor, the therapy reduced
the case fatality from 76 to 9%. Even in patients treated at
day 7 or later, the case fatality could be reduced in these risk
groups from 55 to 26% and from 76 to 47%, respectively.
A problem associated with ribavirin are the side effects, i.e.
reduction of haematocrit due to reversible anaemia. In Lassa
fever patients, brief episodes of rigor toward the end of the
treatment course were reported (Fisher-Hoch et al., 1992).

Another treatment option may be the application of neu-
tralizing Lassa virus antibodie. However, neutralizing anti-

Fig. 3. Map of West Africa and travel history of the patient 1 before the onset of febrile illness (day 0). Countries where Lassa fever is endemic are
underlined (modified fromGünther et al., 2000).

bodies develop only very late (months) after convalescence,
if at all, usually show only a low titer, and are poorly cross re-
active between different Lassa strains (Jahrling et al., 1985).
Guinea pigs and monkeys were protected from Lassa fever
by high dose treatment with plasma containing neutralizing
activity (Jahrling, 1983; Jahrling et al., 1984). There are also
case reports which may suggest effective treatment of Lassa
fever patients with reconvalescent sera (Frame et al., 1984).
However, a large study which included controls did not re-
veal a beneficial effect of treatment with reconvalescent sera
(McCormick et al., 1986a). Since the neutralizing titer of the
sera used for treatment was not known, it cannot be excluded
that neutralizing antibodies are effective. The problem is to
get sera with sufficiently high neutralizing activity. Actually,
even horses have been employed as producers of neutraliz-
ing antibodies to Lassa virus (Krasniaskii et al., 1997).

Currently, there is no vaccine available for humans, al-
though several experimental vaccines have been successfully
tested in monkeys (Fisher-Hoch and McCormick, 2001).

2.3. Imported cases of Lassa fever

2.3.1. Clinical description
Case 1 (Fleischer et al., 2000; Schmitz et al., 2002):

A 22-year old female art student from Germany traveled
though Ivory Coast, Ghana and Burkina Faso (i.e. countries
not known as Lassa endemic regions). The travel route
during the incubation period is shown inFig. 3. In Abidjan
(Ivory Coast) she had sudden onset of high fever (39◦C) and
flu-like symptoms on January 2, 2000. She had been vacci-
nated against yellow fever but had not taken malaria prophy-
laxis. The diagnosis of malaria was made at a local hospital
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and she was given artesunate. She returned to Germany on
day 6 of illness by public flight and was admitted at the
hospital at Schwäbisch Hall with high fever (40◦C) and ton-
sillitis. Several blood smears were negative for malaria. On
day 9 she was transferred to a hospital specialized in tropical
diseases in Würzburg. On admission, a severe pharyngitis,
ulcerative tonsillitis, shortness of breath with cough, high
fever, and diarrhea were noted. She received ciprofloxacin.
Lassa fever was considered and a serum sample was sent
to the BSL-4 laboratory. RT-PCR for Lassa virus was pos-
itive, while Lassa virus-specific IgG or IgM antibodies
were not detected (also not during the further course). In-
travenous ribavirin treatment was started. Liver enzymes
were elevated and peaked at day 11 (aspartate aminotrans-
ferase (AST) up to 1500 U/l and alanine aminotransferase
(ALT) up to 250 U/l). She developed a large pleural effu-
sion. Despite therapy, encephalopathy developed, and an
increased serum lipase level pointed to pancreatitis. Due to
progressive renal failure and hypovolemia, the patient was
haemodialysed and received volume expansion. A massive
hemorrhage developed which could not be corrected by 19
blood donations. The patient experienced seizures and died
from hemorrhagic shock and organ failure on day 14. His-
tological post-mortem examination of the liver showed only
rare necrotic cells in the intermediate zone of some lobuli.

Case 2 (Schmitz et al., 2002): A 48-year-old male sur-
geon worked for 5 months at a hospital in rural Sierra Leone.
He was healthy until July 10th, 2000, when he developed
fever and malaise. He had been vaccinated against yellow
fever and had not taken malaria prophylaxis. He received
artesunate for presumed malaria from a local hospital with-
out subsequent improvement of his symptoms. On day 4,
he returned to The Netherlands and was hospitalized at the
Leiden University Medical Center with high fever. On the
following day he was admitted to the hospital. He com-
plained of nausea, crampy watery diarrhea, myalgia, arthral-
gia, and headache. Chest, abdomen, and extremities were
normal, except for a faint rash on the trunk. Thick blood
smears were negative for malaria. On suspicion of typhoid
fever, cefamandol and netilmicin were given. He improved
with resolution of headache, nausea, and diarrhea, while
his temperature remained elevated at 38.5◦C. Since cultures
were negative for bacteria, cefamandol and netilmicin were
stopped and doxycycline was started. On day 11, he de-
veloped a mild encephalopathy and renal dysfunction. The
clinical diagnosis of Lassa fever was made and intravenous
ribavirin was started immediately. Liver enzymes were ele-
vated and peaked at day 12 (AST up to 3000 U/l and ALT
up to 500 U/l). Serum samples were sent to the laboratory,
where Lassa virus RNA was detected by RT-PCR. Subse-
quently, he developed progressive renal failure and hypoxia
with diffuse pulmonary infiltrates. He was transferred to the
intensive care unit on day 15, where he required intubation.
The next day he died of respiratory failure.

Case 3 (Günther et al., 2001): A 56-year-old Nigerian
male was seen on March 21, 2000, at the Emdee Medical

Center at Jos, Nigeria, because of a 2-week history of fever
(38.2◦C) and diarrhea. Treatment with antibiotics was ini-
tiated. On March 23, he was admitted at the Life Camp
Clinic Abuja, Nigeria. His temperature was 39.6◦C; he was
drowsy and intermittently disoriented. Flu-like symptoms
and diarrhea were absent. The liver enzymes were slightly
elevated (AST 58 U/l and ALT 80 U/l). On March 25, he ex-
perienced a 30-minute episode of generalized seizures with-
out loosing consciousness. The temperature declined and, on
March 27, he was transferred to the neurology department of
the Dr.-Horst-Schmidt-Kliniken in Wiesbaden, Germany. On
admission, he was afebrile, disoriented in time and place, and
with a slight depression of his conscious level. Meningeal
signs were absent. The electroencephalogram showed no
epileptic signs, and nuclear magnetic resonance tomogra-
phy of the brain was normal. CSF findings demonstrated a
dysfunction of the blood–brain barrier. The patient received
methylprednisolone and heparin as a thrombosis prophy-
laxis. Further seizures were not observed and the orientation
improved. Five days after admission, the patient suddenly
died with signs of pulmonary embolism. There was clini-
cally no sign of Lassa fever. Diagnosis of Lassa virus infec-
tion was established shortly after the death of the patient by
laboratory screening. Lassa virus was detected by RT-PCR
in CSF but not in serum. Lassa virus-specific IgM and IgG
were detected in serum and CSF.

These three cases demonstrate the great variety in the clin-
ical manifestations of Lassa virus infection and the challenge
to early diagnosis of this deadly disease. Even in classical
courses of Lassa fever, as in cases 1 and 2, the unspecific
signs of the disease make a clinical diagnosis difficult. This
is the main reason why the diagnosis was established only
late during illness. In case 1, the fact that the patients did
not travel through known endemic regions (Fig. 3) further
complicated the diagnosis.

Patient 3 experienced an uncommon course of Lassa fever.
For this reason, neither in Nigeria nor in Germany Lassa
fever was clinically suspected. Encephalopathy has been the
chief manifestation during the late phase of infection and
Lassa virus was detected in CSF but not in serum, a clinical
syndrome which has not been reported in Lassa fever pa-
tients before. This makes it clear that Lassa fever should be
considered in West African patients and in those returning
from this region with fever and neurological signs.

On the other hand, all three patients had early signs
which, retrospectively, turn out to be typical symptoms of
Lassa fever: diarrhea, pharyngitis, liver enzyme elevations,
and AST levels which were much higher than ALT levels
(McCormick et al., 1986b, 1987a). Especially an AST/ALT
ratio much greater than 1 is common in Lassa fever and
should be an alarming sign.

2.3.2. Diagnostic procedure
The laboratory diagnosis was based on three methods:

RT-PCR, virus isolation in cell culture, and detection of spe-
cific IgM and IgG. For RT-PCR, a protocol (Demby et al.,
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1994) was chosen in which the primers were based on a large
number of Lassa virus sequences from various geographical
regions. Therefore, this PCR was expected to be robust with
respect to virus variability. However, subsequent sequence
analysis of the Lassa virus strain isolated from the CSF re-
vealed seven nucleotide exchanges in a primer binding site
which definitely reduced amplification efficiency. Neverthe-
less, the PCR showed a signal because of the high RNA con-
centration. This underscores that existing PCR protocols for
VHF agents must be continuously revised in view of novel
sequence information. An RT-PCR amplifying the whole S
RNA fragment was used as a diagnostic tool in parallel to the
short-range PCR. The primers bind to the highly conserved
RNA termini. Therefore, different arenaviruses can be am-
plified (Fig. 4A and B). Although this PCR is clearly less
sensitive than a short-range PCR, it amplified the S RNA di-
rectly from serum in case 1 (Fig. 4C) and, in a retrospective
analysis, also from CSF in case 3 (Günther et al., 2001).

In addition, Lassa virus was isolated in cell culture. In
case 2, the virus concentration was so high that virus was

Fig. 4. Reverse transcription and PCR amplification of full-length S RNA.
(A) Position of the RT and PCR primers at the termini of S RNA. (B)
Different arenaviruses such as Lassa virus (strain Josiah) and LCMV
(strain Armstrong) can be amplified by the S gene PCR. Virus RNA
was isolated from the supernatant of infected cells. (C) Amplification of
full-length Lassa virus S RNA directly from serum of patient 1 (Lassa
virus strain AV) (modified fromGünther et al., 2000).

detected in the cells by immunofluorescence at 2 days after
inoculation. Virus culture is still a timely method that is
hardly influenced by virus variability and allows a detailed
characterization of the causative agent. However, it may be
time-consuming. Isolation of the virus from CSF in case 3
required about 2 weeks.

Lassa virus-specific antibodies were detected by im-
munofluorescence using Vero cells infected with a labo-
ratory strain of Lassa virus. In case 1, specific antibodies
were never detected throughout the course showing that a
Lassa infection may be missed if only antibodies are tested
for. Furthermore, IgG or IgM antibodies are detectable only
in about half of Lassa fever patients on admission to the
hospital (Johnson et al., 1987).

Virus RNA concentrations were monitored retrospectively
using real-time PCR (Fig. 5). In patient 1, an initial con-
centration of 106 RNA molecules/ml serum was found. The
virus concentration increased by several orders of magni-
tudes until day 10 when the viremia reached a plateau phase.
This phase coincided with the development of serious or-
gan manifestations and bleeding. This finding is consistent
with the observation that the level of viremia in Lassa fever
patients is highly correlated with the risk of fatal outcome
(Johnson et al., 1987). In contrast, in patient 2 who had less
severe symptoms and no hemorrhagic signs, the virus con-
centration steadily decreased during the late stage of illness.
However, despite a decreasing virus load, the disease pro-
gressed and the outcome was fatal.

2.3.3. Management of contacts
To determine the risk of secondary transmission after im-

port of Lassa fever into Europe, contact persons of patient 1
were identified and kept under surveillance (W. Haas and S.
Günther, unpublished data). The level of exposure of these
persons was evaluated and they were categorized as high
risk contact (unprotected exposure of skin or mucous mem-
branes to blood or secretions), close contact (direct physical
contact with the index patient), and casual contact (in the
same room with the index patient or travelling on the same
flight). About 30 high risk and close contacts were identi-
fied and several of these had been administered ribavirin,
which is recommended for prophylaxis. No symptomatic
secondary infections were observed. Furthermore, no spread
of the virus during the initial phase of the symptomatic
illness (<9 days) of the index patient was disclosed by
serological testing, although numerous high risk exposures
occurred during this period. However, Lassa virus-specific
IgG antibodies were detected in the serum of a physician
who had made a physical examination of the patient on
day 9 (when viremia in the index patient had increased,
Fig. 5) and who had been exposed to cough of the patient.
The physician took ribavirin prophylactically and did not
develop symptoms of Lassa fever. Even if the transmission
could not definitively be proven by IgM detection or an
increase in IgG titer, the possibility that a transmission took
place should be considered in the management of imported
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Fig. 5. Measurement of the Lassa virus RNA concentration in consecutive serum samples of patients 1 and 2. Quantification was performed by real-time
PCR using SybrGreen detection (seeFig. 1) (modified fromSchmitz et al., 2002).

Lassa fever. In particular, the stage of illness and/or the
level of viremia at the time point of exposure should be
included in the risk assessment of transmission. Overall, the
data from this case are in agreement with previous studies
suggesting that the risk for human-to-human transmission
of Lassa virus outside endemic areas is extremely low
(Zweighaft et al., 1977; Cooper et al., 1982; Holmes et al.,
1990). It can be concluded from all this that Lassa virus is
unlikely to have the potential to cause epidemics in Europe.

2.4. Yellow fever

2.4.1. Introduction
Yellow fever virus is the prototype of the genus fla-

vivirus within the family Flaviviridae. Most flaviviruses
are arthropod-borne and replicate in both vertebrates and
arthropods. Yellow fever virus is transmitted via chroni-
cally infected mosquitoes (reviewed inBurke and Monath,
2001). Since the discovery of yellow fever virus as a fil-
terable agent transmissible by mosquitoes about a century
ago, much progress has been made in our understanding of
the virus life cycle, the virion and genome structure as well
as the functions of the individual viral proteins. Although
vaccination has been available for almost 65 years, yellow
fever virus still remains a public health problem due to
its endemic persistence in sub-Saharan Africa and South
America.

2.4.2. Virion morphology and genome structure
Virions are spherical and enveloped with a diameter of

40–60 nm. The envelope surrounds a spherical nucleocapsid,
which consists of a single-stranded RNA genome complexed
with capsid (C) protein. Embedded in the envelope are two
proteins, the envelope protein (E) and the membrane (M)

protein. PrM is the unprocessed precursor of the M protein
found in intracellular viruses, whereas M is predominant
in released virus particles. Released virions have a greater
infectivity than those remaining intracellularly.

The genome is a capped RNA of positive polarity with a
length of approximately 11 kb. Flanked by short 5′ and 3′
non-translated regions, the RNA comprises a single open
reading frame. The translated polyprotein is processed co-
and posttranslationally by host cell and viral proteases into
individual viral proteins. The protein order in the polyprotein
is NH2-C-prM(M)-E-NS1-NS2A-NS2B-NS3-NS4A-NS4B-
NS5-COOH, where C, prM(M), and E represent the struc-
tural proteins or their precursors and NS1 through NS5
represent the nonstructural (NS) proteins (Fig. 6) (reviewed
by Lindenbach and Rice, 2001). The genomic flavivirus
RNA is infectious after introduction into cells.

2.4.3. Viral life cycle
Binding of the virions to the cell surface is probably

mediated by the E protein, but a specific cellular recep-
tor has not yet been identified. After uptake of the viri-
ons by endocytosis, uncoating occurs via membrane fusion
in a pH-dependent manner. The nucleocapsids are released
into the cytoplasm where translation and RNA replication
occurs (Fig. 6). Translation of the genomic RNA can start
immediately and results in the formation of the polypro-
tein. Cleavage in the structural protein region is mainly me-
diated by host cell proteases. The majority of processing
events within the NS protein region are mediated by the
viral NS2B-3 protease. The catalytic activity of the viral
protease is localized in the N-terminal part of NS3 and re-
quires NS2B as a cofactor (Chambers et al., 1991; Falgout
et al., 1991). NS3 also possesses an RNA helicase and RNA
triphosphatase activity (Warrener et al., 1993; Wengler and
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Fig. 6. Model of replication and gene expression of yellow fever virus. For details see the text.

Wengler, 1993). NS1 plays a role in early RNA replication
and interacts with NS4A (Lindenbach and Rice, 1997, 1999).
NS2A seems to play a role in the production of infectious
particles (Kümmerer and Rice, 2002), whereas no specific
function has been attributed to NS4B yet. NS5 represents
the RNA-dependent RNA polymerase required for replica-
tion of the genome (Koonin, 1993; Tan et al., 1996). After
assembly of the replication complex, complementary RNA
negative strand is synthesized, which then serves as template
for synthesis of additional genomic plus-strand molecules.
Progeny virions assemble by budding through intracellular
membranes and are released via exocytosis.

2.4.4. Reverse genetics
Since the RNA genome of yellow fever virus is per se

infectious, it is possible to create manipulated viruses with
modified phenotypes by introducing mutations in an infec-
tious full-length cDNA clone. The first infectious yellow
fever virus RNA synthesized in vitro was described in 1989
(Rice et al., 1989). Meanwhile, several infectious full-length
cDNA clones have been described for different flaviviruses
(Ruggli and Rice, 1999). The cDNA clones usually contain
the complete genomic sequence under control of an SP6 or
T7 promoter. After linearization of the cDNA at the 3′ end
of the genome, RNA is transcribed in the presence of a cap
structure analogue by SP6 or T7 RNA polymerase. Trans-
fection of the in vitro synthesized RNA into cells results in
production of recombinant virus. Recently, it was exempli-
fied with poliovirus whose RNA is per se infectious as that of
flaviviruses, that an infectious clone can be assembled from
chemically synthesized oligonucleotides (Cello et al., 2002).
Thus, for the first time an infectious virus was generated
solely on the basis of sequence information. It is notewor-
thy that Ebola virus can also be rescued from cloned cDNA
and can be genetically modified (Volchkov et al., 2001).

2.4.5. Epidemiology
Yellow fever occurs in tropical South America and

sub-Saharan Africa, but not in Asia. The virus is maintained
in two transmission cycles, known as jungle yellow fever
and urban yellow fever. In the first transmission cycle, the
virus circulates in the forest mainly between non-human
primates and various mosquito species; humans are only

occasionally infected. In the urban cycle, the virus spreads
into the human population and solely circulates between
humans and the mosquitoAedes aegypti. In this case,
large epidemics may occur if the vaccination coverage of
the human population is below 80%. Yellow fever is not
transmitted from human to human.

Based on sequence differences within the E gene, three
genotypes can be distinguished which cluster geographi-
cally: genotype I in Central and East Africa, genotype IIA
in West Africa, and genotype IIB in America (Chang et al.,
1995).

2.4.6. Pathogenesis and clinical features
The virus first replicates in regional lymph nodes and

spreads to liver, spleen, bone marrow as well as cardiac
and skeletal muscles. The major target organ is the liver.
The incubation period is only 3–6 days. The clinical spec-
trum varies from very mild illness to severe hemorrhagic
disease, which is lethal in 20–50% of the patients. Often a
biphasic course is observed. In addition to fever, the first
period is characterized by less specific symptoms such as
chills, headache, myalgia, nausea, and vomiting. This phase
lasts approximately 3 days. After a decrease of temperature,
symptoms of organ manifestation and organ failure appear
in severe and fatal cases: jaundice (“yellow” fever), liver and
renal failure, and bleeding.

2.4.7. Vaccination and therapy
For yellow fever, vaccination with the live-attenuated 17D

strain is available. Attenuation of the yellow fever virus was
obtained during serial passage of the parental Asibi strain in
chicken embryo cells (Theiler and Smith, 1937). The vac-
cine strain has been used effectively for almost 65 years.
However, several fatalities associated with vaccination have
been reported recently (Chan et al., 2001; Martin et al.,
2001; Vasconcelos et al., 2001). In view of the fact that sev-
eral hundred million doses have been given without serious
side effects, the vaccine is still considered safe and effec-
tive and WHO has not changed its recommendation regard-
ing a universal childhood vaccination in endemic countries
(Anonymous, 2002). Vaccination is also required when trav-
elling to endemic areas. It is unknown which of the amino
acid exchanges present in the vaccine strain are responsible
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for attenuation. Comparison of several 17D lineages with the
parental Asibi strain revealed 22 amino acid substitutions, 8
of which are localized in the E protein and are potentially
related to attenuation (Galler et al., 1997). The availabil-
ity of an infectious full-length clone of yellow fever virus
17D represents a tool to determine the importance of sin-
gle amino acid exchanges in attenuation and to genetically
engineer further attenuated vaccines in the future.

There is no specific therapy for yellow fever virus.

2.5. Imported cases of yellow fever

2.5.1. Clinical description
Case 1 (Teichmann et al., 1999): A German cameraman

spent 2 weeks in the Comoé National Park of Côte D’Ivoire.
Malaria prophylaxis was taken. He returned to Germany
on August 1, 1999, where he had fever over 39◦C with
chills, malaise, and weakness, and went to a local hospi-
tal. Myalgia, headache, and nausea developed. Coagulation
parameters were impaired and liver enzymes were strongly
elevated (AST 22,000 U/l and ALT 8700 U/l). The patient
stated repeatedly that he had been immunized against yel-
low fever in 1993. Because a VHF was suspected, he was
transferred to a specialized clinic in Berlin on day 3 of
his illness and samples were sent for virological testing.
Physical examination of the fully oriented febrile patient
revealed an enanthema, a conjunctival injection with dis-
crete jaundice, petechiae on both arms, multiple residues of
mosquito bites, and an enlarged liver. Antibiotic treatment
as well as therapy with ribavirin were initiated. Fluid and
clotting factor replacement were given. On day 4, the co-
agulation status deteriorated (prothrombin level below 10%
and PTT 94 s), he had thrombocytopenia and an impaired
renal function which progressed to complete anuria. The
patient gradually fell into coma and died on day 5 after
onset of his illness. Yellow fever virus was detected in Vero
cell culture and by RT-PCR, while specific antibodies were
not detected. Necropsy showed evidence of acute liver and
kidney failure (tubular necrosis) and cerebral oedema.

Case 2 (Colebunders et al., 2002): A Belgian traveler be-
came ill on November 7, 2001, in The Gambia with high
fever, chills, headache, myalgia, and asthenia. She had not
been vaccinated against yellow fever. Next day she returned
to The Netherlands. On day 3, she developed diarrhea and
complained of nausea, and was admitted on day 4 at the
intensive care unit of a local hospital. Laboratory tests on
admission showed extremely high liver enzyme levels (AST
49,000 and ALT 23,000). The fever disappeared, there were
no bleeding signs and a neurological examination was nor-
mal. On day 5, she remained anuric and hemodialysis was
started. The coagulation status was seriously impaired (pro-
thrombin level 15%) and bleeding occurred from injection
sites. The clinical suspect of yellow fever was confirmed by
RT-PCR. Liver transplantation was considered and the pa-
tient was transferred to a specialized hospital. On day 7 she
vomited dark blood (“vomito negro”, a synonym of yellow

fever). A hypovolaemic shock developed. Despite massive
transfusion of plasma, red blood cells, platelets, and clotting
factors, the hemodynamic situation did not improve. She be-
came comatose and died on day 8. Necropsy confirmed that
death resulted from massive gastrointestinal bleeding.

2.5.2. Diagnostic procedure
These two cases are classical courses of yellow fever. Di-

agnostically indicative during the early phase are the ex-
tremely high elevations of the liver enzymes. Similar to what
happens in Lassa fever, the AST is higher than the ALT. In
both cases the laboratory diagnosis was challenging.

In case 1, the patient stated that he had been vaccinated
against yellow fever. Therefore, a transmissible hemorrhagic
fever such as Lassa fever, CCHF or Ebola fever was sus-
pected and the patient was treated under high security condi-
tions. Consequently, a yellow fever PCR was not included in
the first set of PCRs that were run. Specific antibodies were
not detected but this is not uncommon in vaccinees. The
virus culture proved to be very helpful in that case because
48 h after inoculation virus was grown which reacted with
flavivirus-specific polyclonal antibodies (which are broadly
cross-reactive), and in a subsequent screening also with a
yellow fever-specific monoclonal antibody. A yellow fever
PCR was run in parallel and reacted positive.

In the second case, despite of the very high viral RNA
concentration in the plasma sample (as turned out subse-
quently), the initial PCR tests were negative (Drosten et al.,
2002c). However, a duplicate sample that was spiked with
in vitro transcribed yellow fever virus RNA and processed
in parallel was also negative. This indicated the presence
of substances that inhibit RT-PCR. Therefore, the plasma
was diluted in log 10 intervals. The RNA was prepared from
this material and re-tested. Quantitative real-time RT-PCR
clearly detected yellow fever virus RNA in the plasma di-
luted 1:100, 1:1000 and 1:10,000, but not in the undiluted
sample (Fig. 7A). The undiluted material was estimated to
contain >106 RNA copies/ml (Fig. 7A). A similar inhibi-
tion was seen with plasma from a moribund patient with
Ebola hemorrhagic fever from Gulu, Uganda (Fig. 7B). Vi-
ral RNA concentration in this case was 6.9×108 copies/ml.
No hemolysis, which often causes inhibition of PCR (Akane
et al., 1994), was observed in the plasma of both patients.
These two observations suggest that in patients with severe
hemorrhagic fever substances may circulate which strongly
inhibit RT-PCR. Therefore, especially in these cases appro-
priate inhibition controls are essential.

2.6. Crimean-Congo hemorrhagic fever

2.6.1. The virus
Crimean-Congo hemorrhagic fever virus is a negative-

strand RNA virus which belongs to the genus Nairovirus of
the family Bunyaviridae. The RNA genome of CCHF virus,
like that of other bunyaviruses, consists of three segments:
S, M, and L. The S segment encodes the virus nucleocapsid
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Fig. 7. Inhibition of VHF RT-PCR. (A) Original and diluted plasma from yellow fever case 2 was tested by quantitative real-time RT-PCR for yellow fever
virus (Drosten et al., 2002a). Closed circles depict the experimentally determined values. PCR was completely inhibited with the undiluted plasma. In
the 1:10,000–1:100 dilution steps, the measured viral RNA concentration correlates with the actual concentration. Open circles represent the extrapolated
RNA concentration in the undiluted and the 1:10 diluted sample. (B) Ebola virus RT-PCR on original and diluted plasma from a patient with Ebola fever.
The dilution factor is shown above each lane. Amplification was only possible when the sample was diluted 1:100 (modified fromDrosten et al., 2002c).

protein, the M segment the glycoprotein precursor, and the
L segment the polymerase protein. It was recently shown
that the glycoprotein precursor of CCHF virus is posttrans-
lationally cleaved into the mature glycoproteins G2 and G1,
and that cleavage is most likely mediated by the cellular
subtilase SKI-1/S1P (or a related protease;Sanchez et al.,
2002), which also cleaves the Lassa virus glycoprotein (Lenz
et al., 2001). The use of similar biochemical host cell path-
ways by CCHF virus and Lassa virus would be consistent
with a close evolutionary relationship between nairoviruses
and arenaviruses (S. Günther, unpublished data) and may
open the possibility to design specific inhibitors that may
act against both viruses.

2.6.2. Epidemiology
The common vector for CCHF virus are ticks of the genus

Hyalomma. The virus is transmitted to humans either di-
rectly by Hyalommaticks or by contact with infected do-
mestic animals. CCHF virus is primarily a zoonosis, which
means that the transmission cycle mainly involves ticks and
wild or domestic animals. Cattle, sheep and goats do not
become ill after infection but are viremic for about 1 week.
During this period of time the virus may be transmitted to
humans which have close contact to these animals such as
agricultural workers, slaughterhouse workers, and veterinar-
ians. Furthermore, the virus may be spread into other geo-
graphical regions via infected livestock. The virus may also
be transmitted from human to human which occurs primarily
in the hospital setting. Health care workers are mainly at risk.

CCHF has been reported from the Near, Middle and Far
East (Central Asian republics of the former Soviet Union,
Iraq, Pakistan, United Arab Emirates, Kuwait, Oman,
China), from several African countries but also from South-
East Europe (Bulgaria, the former Yugoslavia, northern
Greece).

2.6.3. Clinical picture and therapy
If the virus is transmitted via tick bite, the incuba-

tion period appears to be shorter (1–9 days) than after
transmission via infected animals (5–13 days). Like other
hemorrhagic fevers, the symptoms of the initial phase are
rather unspecific: fever, myalgia, headache, nausea, vomit-
ing, and diarrhea. During the further course of the disease
encephalopathy, bleeding, and organ failure may develop,
which are associated with high mortality.

Case reports suggest that treatment with ribavirin may be
beneficial (Fisher-Hoch et al., 1995a; Papa et al., 2002b), al-
though its efficacy has not been confirmed by larger clinical
studies. A vaccine against CCHF virus is not available.

2.7. Crimean-Congo hemorrhagic fever in Europe

2.7.1. Clinical description
Case (Drosten et al., 2002b): A farmer’s wife living near

Pristina (Kosovo) was bitten by a tick on May 23, 2000 while
working in her garden. The disease started on May 28 with
chills, myalgia, nausea, vomiting, headache, and backache.
She visited an outpatient clinic in Prizren, where broad-range
antibiotic therapy was initiated. On day 2, she developed
massive hemorrhage with hematemesis (7–8 times per day),
melena, hematuria, metrorrhagia and petechiae. She was
hospitalized without special isolation measures in a criti-
cal condition on day 3, with a temperature of 39.7◦C and
still severe hemorrhage. The platelet count was reduced to
30,000�l−1, and coagulation was impaired (clotting time:
7 min and 17 s; normal<6 min). On day 4, epistaxis and gin-
gival bleeding were additionally observed and the high fever
continued (40.1◦C). Large ecchymoses appeared at the sites
of venipuncture. The patient was fully orientated without
neurological symptoms. Liver enzymes were elevated (AST
547 U/l and ALT 90 U/l). Diuresis was 1500 ml per day and
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creatinine was increased (480�mol/l). On day 5, she devel-
oped a polyuria (4500 ml per day). The next day, the hemor-
rhagic diathesis had almost disappeared; blood pressure was
100/70 mmHg. She recovered completely. Supportive ther-
apy during the course of the disease consisted in hydration
and control of temperature. No blood transfusions were ad-
ministered. No secondary cases occurred in the hospital.

2.7.2. Diagnostic procedure and phylogenetic analysis
This case again underlines that liver enzyme elevations

with AST being higher than ALT are a diagnostic hallmark
of VHF. As in Lassa fever, antibody detection is not reli-
able to diagnose CCHF, at least early during disease. In the
described case, antibodies to CCHF virus were not detected
by immunofluorescence assay on day 3, but a viral RNA
concentration of 7.7 × 105 genome equivalents per ml was

Fig. 8. Phylogenetic analysis of CCHF virus, including the strain from Kosovo. A total of 46 sequences (219 nucleotides) of the S-segment were
analyzed with the PHYLIP software package (J. Felsenstein, University of Washington), using the neighbor-joining and maximum-likelihood (not shown)
algorithms. Both methods identified the same seven major genetic groups. The bootstrap support values for each group are shown at the respective
branches. Geographic origin (bold), GenBank accession number (standard font) and strain denomination (if available, in italics) are given for eachisolate
(modified fromDrosten et al., 2002b).

found by real-time RT-PCR in plasma. On day 16, RT-PCR
was negative, and now high titers of specific IgM and IgG
antibodies were detectable (Drosten et al., 2002b).

There have been early reports on CCHF cases in for-
mer Yugoslavia (Gligic et al., 1977; Vesenjak-Hirjan et al.,
1991). In 2001, an outbreak occurred in Kosovo. As of
June 2001, WHO has reported 69 suspected cases (15
laboratory-confirmed), out of which 6 died (Anonymous,
2001). Since CCHF virus strains from this area had not been
characterized genetically, the amplified viral cDNA was
sequenced and subjected to phylogenetic analysis (Fig. 8).
CCHF virus consists of seven major genetic lineages. The
Kosovo isolate constitutes a distinct lineage that includes
only one further strain isolated from the Black Sea region
33 years ago (Butenko et al., 1968). Phylogenetic analysis
of additional CCHF viruses isolated in the Kosovo region
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and in Albania in 2001 confirmed this relationship (Papa et
al., 2002a,b). Therefore, it seems that currently a distinct
lineage of CCHF virus is circulating in the Kosovo and
Albania, which may have originated from the Black Sea
region of the former Soviet Union.

3. Part III

3.1. Laboratory diagnosis of pathogens causing
syndromes similar to VHF

Important pathogens which can cause symptoms similar
to VHF arePlasmodium falciparum, Neisseria meningitidis,
Leptospira interrogans, and viruses causing fulminant hep-
atitis. Hence, a close collaboration between laboratories spe-
cialized in VHF diagnostics and facilities able to diagnose
these pathogens is desirable.

Especially malaria tropica can resemble a VHF and should
always be excluded in travelers with fever who are returning
from endemic areas, even if prophylaxis was taken. Malaria
is commonly diagnosed by thin/thick smears. PCR is avail-
able and has been found slightly more sensitive than blood
smears (Rubio et al., 1999, 2002). In post-mortem examina-
tions PCR has also proven a useful tool (Becker et al., 1999).
Real-time PCR is now available for plasmodia (Hermsen
et al., 2001; Witney et al., 2001).

Neisseria meningitidiscan cause a systemic inflamma-
tion syndrome with disseminated intravascular coagulation
and bleeding (Waterhouse–Friedrichsen’s syndrome). The
pathogen is endemic all over the world, with a focus in
sub-Saharan Africa (“meningitis belt”). The diagnosis is es-
tablished by culture and microscopy which may fail if blood
or CSF samples have been inadequately stored or drawn af-
ter initiation of antibiotic therapy. In the year 2000, a per-
son developed a Waterhouse–Friedrichsen’s syndrome while
returning by aircraft from Ethiopia to Germany (Preiser
and Just-Nübling, 2000). A VHF was suspected, but PCR
(Newcombe et al., 1996) rapidly disclosed meningococcus
sepsis. This assay has recently been replaced by more spe-
cific real-time PCR methods (Guiver et al., 2000; Corless
et al., 2001).

The typical symptoms of Leptospirosis or Weil’s disease
are sudden onset of high fever, with myalgia, conjunctivitis,
and rash followed by jaundice, hepatitis, and renal failure.
In the acute febrile period, the bacteria can be cultured from
blood in special media, which may take more than a week.
In the late phase,Leptospiracan be detected in urine by mi-
croscopy or culture. Conventional and real-time PCR assays
have been developed for rapid detection ofLeptospira(Woo
et al., 1997, 1998).

Hepatitis is a common symptom of VHF. Besides of the
“professional” hepatitis viruses A, B, D, and E, a variety
of other viruses can cause severe acute hepatitis. Fulminant
hepatic failure due to infection with herpes simplex virus
type 1 was seen in 2000 in a traveler who returned from

Kenya to Germany. Initially, a VHF was suspected. The diag-
nosis was established post-mortem by electron microscopy,
virus culture, and PCR (ter Meulen, 2001). Several further
reports exist on fulminant hepatitis caused by herpes viruses
(Farr et al., 1997; Velasco et al., 1999; Fahy et al., 2000;
Pellise and Miquel, 2000; Peters et al., 2000; Fehr et al.,
2002; Pinna et al., 2002).

Acknowledgements

The work of the authors is supported by grants
from the Bundesministerium für Gesundheit (Grant
325-4539-85/3) and from the Bundesamt für Wehrtech-
nik und Beschaffung (grants E/B31E/M0171/M5916 and
E/B41G/1G309/1A403). The Bernhard-Nocht-Institute is
supported by the Bundesministerium für Gesundheit and
the Freie und Hansestadt Hamburg. We thank W. Preiser
(University of Frankfurt/Main), M. Niedrig, and W. Haas
(both Robert-Koch-Institute Berlin) for communicating
unpublished results.

References

Akane, A., Matsubara, K., Nakamura, H., Takahashi, S., Kimura, K., 1994.
Identification of the heme compound copurified with deoxyribonucleic
acid (DNA) from bloodstains, a major inhibitor of polymerase chain
reaction (PCR) amplification. J. Forensic Sci. 39, 362–372.

Al-Soud, W.A., Jonsson, L.J., Radstrom, P., 2000. Identification and char-
acterization of immunoglobulin G in blood as a major inhibitor of
diagnostic PCR. J. Clin. Microbiol. 38, 345–350.

Andrei, G., De Clercq, E., 1990. Inhibitory effect of selected antiviral
compounds on arenavirus replication in vitro. Antiviral Res. 14, 287–
299.

Andrei, G., De Clercq, E., 1993. Molecular approaches for the treatment
of hemorrhagic fever virus infections. Antiviral Res. 22, 45–75.

Anonymous, 2001. Crimean-Congo haemorrhagic fever (CCHF) in
Kosovo. Update 5, 29 June 2001. Available:http://www.who.int/
disease-outbreak-news/n2001/june/29june2001.html.

Anonymous, 2002. Yellow fever vaccine. Updated May 2002. Available:
http://www.who.int/vaccines/en/yellowfever.shtml.

Bartolotta, S., Garcia, C.C., Candurra, N.A., Damonte, E.B., 2001. Effect
of fatty acids on arenavirus replication: inhibition of virus production
by lauric acid. Arch. Virol. 146, 777–790.

Bassiri, M., Mardh, P.A., Domeika, M., 1997. Multiplex AMPLICOR
PCR screening forChlamydia trachomatisandNeisseria gonorrhoeae
in women attending non-sexually transmitted disease clinics. The Eu-
ropean Chlamydia Epidemiology Group. J. Clin. Microbiol. 35, 2556–
2560.

Bausch, D.G., Rollin, P.E., Demby, A.H., Coulibaly, M., Kanu, J., Con-
teh, A.S., Wagoner, K.D., McMullan, L.K., Bowen, M.D., Peters,
C.J., Ksiazek, T.G., 2000. Diagnosis and clinical virology of Lassa
fever as evaluated by enzyme-linked immunosorbent assay, indirect
fluorescent-antibody test, and virus isolation. J. Clin. Microbiol. 38,
2670–2677.

Becker, K., Ortmann, C., Bajanowski, T., Brinkmann, B., Peters, G., 1999.
Use of polymerase chain reaction for postmortem diagnosis of malaria.
Diagn. Mol. Pathol. 8, 211–215.

Biel, S.S., Gelderblom, H.R., 1999. Diagnostic electron microscopy is
still a timely and rewarding method. J. Clin. Virol. 13, 105–119.

http://www.who.int/disease-outbreak-news/n2001/june/29june2001.html
http://www.who.int/disease-outbreak-news/n2001/june/29june2001.html
http://www.who.int/vaccines/en/yellowfever.shtml


C. Drosten et al. / Antiviral Research 57 (2003) 61–87 83

Borden, K.L., Campbell-Dwyer, E.J., Carlile, G.W., Djavani, M., Salvato,
M.S., 1998a. Two RING finger proteins, the oncoprotein PML and
the arenavirus Z protein, colocalize with the nuclear fraction of the
ribosomal P proteins. J. Virol. 72, 3819–3826.

Borden, K.L., Campbell-Dwyer, E.J., Salvato, M.S., 1998b. An are-
navirus RING (zinc-binding) protein binds the oncoprotein promyelo-
cyte leukemia protein (PML) and relocates PML nuclear bodies to the
cytoplasm. J. Virol. 72, 758–766.

Bowen, M.D., Rollin, P.E., Ksiazek, T.G., Hustad, H.L., Bausch, D.G.,
Demby, A.H., Bajani, M.D., Peters, C.J., Nichol, S.T., 2000. Genetic
diversity among Lassa virus strains. J. Virol. 74, 6992–7004.

Burke, D.S., Monath, T.P., 2001. Flaviviruses. In: Knipe, D.M., Howley,
P.M. (Eds.), Fields Virology, 4th ed., vol. 1. Lippincott-Raven Pub-
lishers, Philadelphia, pp. 1043–1125.

Burns 3rd, N.J., Barnett, B.B., Huffman, J.H., Dawson, M.I., Sidwell,
R.W., De Clercq, E., Kende, M., 1988. A newly developed immunoflu-
orescent assay for determining the Pichinde virus-inhibitory effects of
selected nucleoside analogues. Antiviral Res. 10, 89–98.

Burt, F.J., Leman, P.A., Smith, J.F., Swanepoel, R., 1998. The use of
a reverse transcription-polymerase chain reaction for the detection of
viral nucleic acid in the diagnosis of Crimean-Congo heamorrhagic
fever. J. Virol. Methods 70, 129–137.

Bustin, S.A., 2000. Absolute quantification of mRNA using real-time
reverse transcription polymerase chain reaction assays. J. Mol. En-
docrinol. 25, 169–193.

Butenko, A.M., Tkachenko, E.A., Chumakov, M.P., 1968. Isolation and
study of Astrkhan strain (Drozdov) of Crimean-Congo haemorrhagic
fever virus and results of serodiagnosis of the infection. In: Proceedings
of the 15th Meeting of Institute of Poliomyelitis and Viral Encephalitis.

Callahan, J.D., Wu, S.J., Dion-Schultz, A., Mangold, B.E., Peruski, L.F.,
Watts, D.M., Porter, K.R., Murphy, G.R., Suharyono, W., King, C.C.,
Hayes, C.G., Temenak, J.J., 2001. Development and evaluation of
serotype- and group-specific fluorogenic reverse transcriptase PCR
(TaqMan) assays for dengue virus. J. Clin. Microbiol. 39, 4119–4124.

Candurra, N.A., Maskin, L., Damonte, E.B., 1996. Inhibition of arenavirus
multiplication in vitro by phenotiazines. Antiviral Res. 31, 149–158.

Carey, D.E., Kemp, G.E., White, H.A., Pinneo, L., Addy, R.F., Fom, A.L.,
Stroh, G., Casals, J., Henderson, B.E., 1972. Lassa fever. Epidemi-
ological aspects of the 1970 epidemic, Jos, Nigeria. Trans. R. Soc.
Trop. Med. Hyg. 66, 402–408.

Cello, J., Paul, A.V., Wimmer, E., 2002. Chemical synthesis of poliovirus
cDNA: generation of infectious virus in the absence of natural template.
Science 297, 1016–1018.

Chambers, T.J., Grakoui, A., Rice, C.M., 1991. Processing of the yellow
fever virus nonstructural polyprotein: a catalytically active NS3 pro-
teinase domain and NS2B are required for cleavages at dibasic sites.
J. Virol. 65, 6042–6050.

Chan, R.C., Penney, D.J., Little, D., Carter, I.W., Roberts, J.A., Rawlinson,
W.D., 2001. Hepatitis and death following vaccination with 17D-204
yellow fever vaccine. Lancet 358, 121–122.

Chang, G.J., Trent, D.W., Vorndam, A.V., Vergne, E., Kinney, R.M.,
Mitchell, C.J., 1994. An integrated target sequence and signal amplifi-
cation assay, reverse transcriptase-PCR-enzyme-linked immunosorbent
assay, to detect and characterize flaviviruses. J. Clin. Microbiol. 32,
477–483.

Chang, G.J., Cropp, B.C., Kinney, R.M., Trent, D.W., Gubler, D.J., 1995.
Nucleotide sequence variation of the envelope protein gene identifies
two distinct genotypes of yellow fever virus. J. Virol. 69, 5773–5780.

Charrel, R.N., Zaki, A.M., Attoui, H., Fakeeh, M., Billoir, F., Yousef,
A.I., de Chesse, R., De Micco, P., Gould, E.A., de Lamballerie, X.,
2001. Complete coding sequence of the Alkhurma virus, a tick-borne
flavivirus causing severe hemorrhagic fever in humans in Saudi Arabia.
Biochem. Biophys. Res. Commun. 287, 455–461.

Chow, V.T., Seah, C.L., Chan, Y.C., 1993. Use of NS3 consensus primers
for the polymerase chain reaction amplification and sequencing of
dengue viruses and other flaviviruses. Arch. Virol. 133, 157–170.

Christopherson, C., Sninsky, J., Kwok, S., 1997. The effects of internal
primer-template mismatches on RT-PCR: HIV-1 model studies. Nucleic
Acids Res. 25, 654–658.

Colebunders, R., Mariage, J.L., Coche, J.C., Pirenne, B., Kempinaire, S.,
Hantson, P., Van Gompel, A., Niedrig, M., Van Esbroeck, M., Bailey,
R., Drosten, C., Schmitz, H., 2002. A Belgian traveller who acquired
yellow fever in The Gambia. Clin. Infect. Dis. 35, e 113–116.

Cone, R.W., Hobson, A.C., Huang, M.L., 1992. Coamplified positive con-
trol detects inhibition of polymerase chain reaction. J. Clin. Microbiol.
30, 3185–3189.

Cooper, C.B., Gransden, W.R., Webster, M., King, M., O’Mahony, M.,
Young, S., Banatvala, J.E., 1982. A case of Lassa fever: experience at
St. Thomas’s Hospital. Br. Med. J. (Clin. Res. Ed.) 285, 1003–1005.

Corless, C.E., Guiver, M., Borrow, R., Edwards-Jones, V., Fox, A.J., Kacz-
marski, E.B., 2001. Simultaneous detection ofNeisseria meningitidis,
Haemophilus influenzae, and Streptococcus pneumoniaein suspected
cases of meningitis and septicemia using real-time PCR. J. Clin. Mi-
crobiol. 39, 1553–1558.

Cummins, D., McCormick, J.B., Bennett, D., Samba, J.A., Farrar, B.,
Machin, S.J., Fisher-Hoch, S.P., 1990. Acute sensorineural deafness in
Lassa fever. JAMA 264, 2093–2096.

Cummins, D., Bennett, D., Fisher-Hoch, S.P., Farrar, B., Machin, S.J.,
McCormick, J.B., 1992. Lassa fever encephalopathy: clinical and lab-
oratory findings. J. Trop. Med. Hyg. 95, 197–201.

Damen, M., Cuypers, H.T., Zaaijer, H.L., Reesink, H.W., Schaasberg,
W.P., Gerlich, W.H., Niesters, H.G., Lelie, P.N., 1996. International
collaborative study on the second EUROHEP HCV-RNA reference
panel. J. Virol. Methods 58, 175–185.

Demby, A.H., Chamberlain, J., Brown, D.W., Clegg, C., 1994. Early diag-
nosis of Lassa fever by reverse transcription PCR. J. Clin. Microbiol.
32, 2898–2903.

Deubel, V., Huerre, M., Cathomas, G., Drouet, M.T., Wuscher, N., Le
Guenno, B., Widmer, A.F., 1997. Molecular detection and charac-
terization of yellow fever virus in blood and liver specimens of a
non-vaccinated fatal human case. J. Med. Virol. 53, 212–217.

Dickover, R.E., Herman, S.A., Saddiq, K., Wafer, D., Dillon, M., Bryson,
Y.J., 1998. Optimization of specimen-handling procedures for accurate
quantitation of levels of human immunodeficiency virus RNA in plasma
by reverse transcriptase PCR. J. Clin. Microbiol. 36, 1070–1073.

Didenko, V.V., 2001. DNA probes using fluorescence resonance en-
ergy transfer (FRET): designs and applications. Biotechniques 31,
1106–1116, 1118, 1120–1121.

Drosten, C., Weber, M., Seifried, E., Roth, W.K., 2000. Evaluation of a
new PCR assay with competitive internal control sequence for blood
donor screening. Transfusion 40, 718–724.

Drosten, C., Seifried, E., Roth, W.K., 2001. TaqMan 5′-nuclease human
immunodeficiency virus type 1 PCR assay with phage-packaged com-
petitive internal control for high-throughput blood donor screening. J.
Clin. Microbiol. 39, 4302–4308.

Drosten, C., Gšttig, S., Schilling, S., Asper, M., Panning, M., Schmitz,
H., Günther, S., 2002a. Rapid detection and quantification of RNA of
Ebola and Marburg viruses, Lassa virus, Crimean-Congo hemorrhagic
fever virus, Rift Valley fever virus, Dengue virus, and yellow fever
virus by real-time reverse transcription-PCR. J. Clin. Microbiol. 40,
2323–2330.

Drosten, C., Minnak, D., Emmerich, P., Schmitz, H., Reinicke, T., 2002b.
Crimean-Congo hemorrhagic fever in Kosovo. J. Clin. Microbiol. 40,
1122–1123.

Drosten, C., Panning, M., Günther, S., Schmitz, H., 2002c. False-negative
results of PCR with plasma of patients with severe viral hemorrhagic
fever. J. Clin. Microbiol. 40, 4394–4395.

Fahy, R.J., Crouser, E., Pacht, E.R., 2000. Herpes simplex type 2 causing
fulminant hepatic failure. South Med. J. 93, 1212–1216.

Falgout, B., Pethel, M., Zhang, Y.-M., Lai, C.-J., 1991. Both nonstructural
proteins NS2B and NS3 are required for the proteolytic processing of
Dengue virus nonstructural proteins. J. Virol. 65, 2467–2475.



84 C. Drosten et al. / Antiviral Research 57 (2003) 61–87

Farr, R.W., Short, S., Weissman, D., 1997. Fulminant hepatitis during
herpes simplex virus infection in apparently immunocompetent adults:
report of two cases and review of the literature. Clin. Infect. Dis. 24,
1191–1194.

Fehr, T., Bossart, W., Wahl, C., Binswanger, U., 2002. Disseminated
varicella infection in adult renal allograft recipients: four cases and a
review of the literature. Transplantation 73, 608–611.

Finney, D.J., 1971. Probit Analysis. Cambridge University Press, Cam-
bridge.

Fisher-Hoch, S.P., Price, M.E., Craven, R.B., Price, F.M., Forthall, D.N.,
Sasso, D.R., Scott, S.M., McCormick, J.B., 1985. Safe intensive-care
management of a severe case of Lassa fever with simple barrier nursing
techniques. Lancet 2, 1227–1229.

Fisher-Hoch, S.P., Gborie, S., Parker, L., Huggins, J., 1992. Unexpected
adverse reactions during a clinical trial in rural west Africa. Antiviral
Res. 19, 139–147.

Fisher-Hoch, S.P., Khan, J.A., Rehman, S., Mirza, S., Khurshid, M.,
McCormick, J.B., 1995a. Crimean-Congo-haemorrhagic fever treated
with oral ribavirin. Lancet 346, 472–475.

Fisher-Hoch, S.P., Tomori, O., Nasidi, A., Perez-Oronoz, G.I., Fakile, Y.,
Hutwagner, L., McCormick, J.B., 1995b. Review of cases of nosoco-
mial Lassa fever in Nigeria: the high price of poor medical practice.
Br. Med. J. 311, 857–859.

Fisher-Hoch, S.P., McCormick, J.B., 2001. Towards a human Lassa fever
vaccine. Rev. Med. Virol. 11, 331–341.

Fleischer, K., Kšhler, B., Kirchner, A., Schmid, J., 2000. Lassa fever.
Med. Klin. 95, 340–345.

Frame, J.D., Verbrugge, G.P., Gill, R.G., Pinneo, L., 1984. The use of
Lassa fever convalescent plasma in Nigeria. Trans. R. Soc. Trop. Med.
Hyg. 78, 319–324.

Fulop, L., Barrett, A.D., Phillpotts, R., Martin, K., Leslie, D., Titball,
R.W., 1993. Rapid identification of flaviviruses based on conserved
NS5 gene sequences. J. Virol. Methods 44, 179–188.

Galler, R., Freire, M.S., Jabor, A.V., Mann, G.F., 1997. The yellow fever
17D vaccine virus: molecular basis of viral attenuation and its use as
an expression vector. Braz. J. Med. Biol. Res. 30, 157–168.

Garcia, C.C., Candurra, N.A., Damonte, E.B., 2000. Antiviral and virucidal
activities against arenaviruses of zinc-finger active compounds. Antivir.
Chem. Chemother. 11, 231–237.

Garcia, S., Crance, J.M., Billecocq, A., Peinnequin, A., Jouan, A., Bouloy,
M., Garin, D., 2001. Quantitative real-time PCR detection of Rift Valley
fever virus and its application to evaluation of antiviral compounds. J.
Clin. Microbiol. 39, 4456–4461.

Gear, J.S., Cassel, G.A., Gear, A.J., Trappler, B., Clausen, L., Meyers,
A.M., Kew, M.C., Bothwell, T.H., Sher, R., Miller, G.B., Schneider,
J., Koornhof, H.J., Gomperts, E.D., Isaacson, M., Gear, J.H., 1975.
Outbreak of Marburg virus disease in Johannesburg. Br. Med. J. 4,
489–493.

Gibb, T.R., Norwood Jr., D.A., Woollen, N., Henchal, E.A., 2001a.
Development and evaluation of a fluorogenic 5′ nuclease assay to
detect and differentiate between Ebola virus subtypes Zaire and Sudan.
J. Clin. Microbiol. 39, 4125–4130.

Gibb, T.R., Norwood Jr., D.A., Woollen, N., Henchal, E.A., 2001b.
Development and evaluation of a fluorogenic 5′-nuclease assay to
identify Marburg virus. Mol. Cell. Probes 15, 259–266.

Gligic, A., Stamatovic, L., Stojanovic, R., Obradovic, M., Boskovic, R.,
1977. The first isolation of the Crimean hemorraghic fever virus in
Yugoslavia. Vojnosanit Pregl. 34, 318–321.

Gubler, D.J., 1998. Dengue and dengue hemorrhagic fever. Clin. Micro-
biol. Rev. 11, 480–496.

Guiver, M., Borrow, R., Marsh, J., Gray, S.J., Kaczmarski, E.B., Howells,
D., Boseley, P., Fox, A.J., 2000. Evaluation of the Applied Biosystems
automated Taqman polymerase chain reaction system for the detection
of meningococcal DNA. FEMS Immunol. Med. Microbiol. 28, 173–
179.

Günther, S., Emmerich, P., Laue, T., Kühle, O., Asper, M., Jung, A.,
Grewing, T., ter Meulen, J., Schmitz, H., 2000. Imported Lassa fever

in Germany: molecular characterization of a new Lassa virus strain.
Emerg. Infect. Dis. 6, 466–476.

Günther, S., Weisner, B., Roth, A., Grewing, T., Asper, M., Drosten, C.,
Emmerich, P., Petersen, J., Wilczek, M., Schmitz, H., 2001. Lassa fever
encephalopathy: Lassa virus in cerebrospinal fluid but not in serum.
J. Infect. Dis. 184, 345–349.

Guzman, M.G., Kouri, G., 1996. Advances in dengue diagnosis. Clin.
Diagn. Lab. Immunol. 3, 621–627.

Helmick, C.G., Webb, P.A., Scribner, C.L., Krebs, J.W., McCormick,
J.B., 1986. No evidence for increased risk of Lassa fever infection in
hospital staff. Lancet 2, 1202–1205.

Hermsen, C.C., Telgt, D.S., Linders, E.H., van de Locht, L.A., Eling,
W.M., Mensink, E.J., Sauerwein, R.W., 2001. Detection ofPlasmodium
falciparum malaria parasites in vivo by real-time quantitative PCR.
Mol. Biochem. Parasitol. 118, 247–251.

Holmes, G.P., McCormick, J.B., Trock, S.C., Chase, R.A., Lewis, S.M.,
Mason, C.A., Hall, P.A., Brammer, L.S., Perez-Oronoz, G.I., McDon-
nell, M.K., Paulissen, J.P., Schonberger, L.B., Fisher-Hoch, S.P., 1990.
Lassa fever in the United States. Investigation of a case and new
guidelines for management. N. Engl. J. Med. 323, 1120–1123.

Holodniy, M., Kim, S., Katzenstein, D., Konrad, M., Groves, E., Meri-
gan, T.C., 1991. Inhibition of human immunodeficiency virus gene
amplification by heparin. J. Clin. Microbiol. 29, 676–679.

Hommel, D., Talarmin, A., Deubel, V., Reynes, J.M., Drouet, M.T.,
Sarthou, J.L., Hulin, A., 1998. Dengue encephalitis in French Guiana.
Res. Virol. 149, 235–238.

Houng, H.S., Chung-Ming Chen, R., Vaughn, D.W., Kanesa-thasan, N.,
2001. Development of a fluorogenic RT-PCR system for quantita-
tive identification of dengue virus serotypes 1–4 using conserved and
serotype-specific 3′ noncoding sequences. J. Virol. Methods 95, 19–32.

Huggins, J.W., Robins, R.K., Canonico, P.G., 1984. Synergistic antiviral
effects of ribavirin and the C-nucleoside analogs tiazofurin and sele-
nazofurin against togaviruses, bunyaviruses, and arenaviruses. Antimi-
crob. Agents Chemother. 26, 476–480.

Huggins, J.W., 1989. Prospects for treatment of viral hemorrhagic fevers
with ribavirin, a broad-spectrum antiviral drug. Rev. Infect. Dis.
11 (Suppl. 4), S750–S761.

Ibrahim, M.S., Turell, M.J., Knauert, F.K., Lofts, R.S., 1997. Detection of
Rift Valley fever virus in mosquitoes by RT-PCR. Mol. Cell. Probes
11, 49–53.

Jahrling, P.B., Hesse, R.A., Eddy, G.A., Johnson, K.M., Callis, R.T.,
Stephen, E.L., 1980. Lassa virus infection of rhesus monkeys: patho-
genesis and treatment with ribavirin. J. Infect. Dis. 141, 580–589.

Jahrling, P.B., 1983. Protection of Lassa virus-infected guinea pigs with
Lassa-immune plasma of guinea pig, primate, and human origin. J.
Med. Virol. 12, 93–102.

Jahrling, P.B., Peters, C.J., Stephen, E.L., 1984. Enhanced treatment of
Lassa fever by immune plasma combined with ribavirin in cynomolgus
monkeys. J. Infect. Dis. 149, 420–427.

Jahrling, P.B., Frame, J.D., Rhoderick, J.B., Monson, M.H., 1985. Endemic
Lassa fever in Liberia. IV. Selection of optimally effective plasma for
treatment by passive immunization. Trans. R. Soc. Trop. Med. Hyg.
79, 380–384.

Johanson, J., Abravaya, K., Caminiti, W., Erickson, D., Flanders, R.,
Leckie, G., Marshall, E., Mullen, C., Ohhashi, Y., Perry, R., Ricci, J.,
Salituro, J., Smith, A., Tang, N., Vi, M., Robinson, J., 2001. A new
ultrasensitive assay for quantitation of HIV-1 RNA in plasma. J. Virol.
Methods 95, 81–92.

Johnson, B.K., Ocheng, D., Gichogo, A., Okiro, M., Libondo, D., Tukei,
P.M., Ho, M., Mugambi, M., Timms, G.L., French, M., 1983. Antibod-
ies against haemorrhagic fever viruses in Kenya populations. Trans.
R. Soc. Trop. Med. Hyg. 77, 731–733.

Johnson, E.D., Gonzalez, J.P., Georges, A., 1993. Haemorrhagic fever
virus activity in equatorial Africa: distribution and prevalence of
filovirus reactive antibody in the Central African Republic. Trans. R.
Soc. Trop. Med. Hyg. 87, 530–535.



C. Drosten et al. / Antiviral Research 57 (2003) 61–87 85

Johnson, K.M., McCormick, J.B., Webb, P.A., Smith, E.S., Elliott, L.H.,
King, I.J., 1987. Clinical virology of Lassa fever in hospitalized pa-
tients. J. Infect. Dis. 155, 456–464.

Johnson, K.M., Monath, T.P., 1990. Imported Lassa fever—reexamining
the algorithms. N. Engl. J. Med. 323, 1139–1141.

Khan, A.S., Tshioko, F.K., Heymann, D.L., Le Guenno, B., Nabeth, P.,
Kerstiens, B., Fleerackers, Y., Kilmarx, P.H., Rodier, G.R., Nkuku,
O., Rollin, P.E., Sanchez, A., Zaki, S.R., Swanepoel, R., Tomori, O.,
Nichol, S.T., Peters, C.J., Muyembe-Tamfum, J.J., Ksiazek, T.G., 1999.
The reemergence of Ebola hemorrhagic fever, Democratic Republic of
the Congo, 1995. Commission de Lutte contre les Epidemies a Kikwit.
J. Infect. Dis. 179 (Suppl. 1), S76–S86.

Kolk, A.H., Noordhoek, G.T., de Leeuw, O., Kuijper, S., van Embden,
J.D., 1994.Mycobacterium smegmatisstrain for detection ofMycobac-
terium tuberculosisby PCR used as internal control for inhibition of
amplification and for quantification of bacteria. J. Clin. Microbiol. 32,
1354–1356.

Koonin, E.V., 1993. Computer-assisted identification of a putative methyl-
transferase domain in NS5 protein of flaviviruses and lambda 2 protein
of reovirus. J. Gen. Virol. 74, 733–740.

Kox, L.F., Rhienthong, D., Miranda, A.M., Udomsantisuk, N., Ellis, K.,
van Leeuwen, J., van Heusden, S., Kuijper, S., Kolk, A.H., 1994. A
more reliable PCR for detection ofMycobacterium tuberculosisin
clinical samples. J. Clin. Microbiol. 32, 672–678.

Kox, L.F., Noordhoek, G.T., Kunakorn, M., Mulder, S., Sterrenburg, M.,
Kolk, A.H., 1996. Microwell hybridization assay for detection of PCR
products fromMycobacterium tuberculosiscomplex and the recombi-
nantMycobacterium smegmatisstrain 1008 used as an internal control.
J. Clin. Microbiol. 34, 2117–2120.

Krasniaskii, V.P., Gradoboev, V.N., Borisevich, I.V., Potryvaeva, N.V.,
Lebedinskaia, E.V., Chernikova, N.K., Timan’kova, G.D., 1997. De-
velopment and study of immunoglobulins against Lassa fever. Vopr.
Virusol. 42, 71–74.

Ksiazek, T.G., West, C.P., Rollin, P.E., Jahrling, P.B., Peters, C.J., 1999.
ELISA for the detection of antibodies to Ebola viruses. J. Infect. Dis.
179 (Suppl. 1), S192–S198.

Kümmerer, B.M., Rice, C.M., 2002. Mutations in the yellow fever virus
nonstructural protein NS2A selectively block production of infectious
particles. J. Virol. 76, 4773–4784.

Kuno, G., 1998. Universal diagnostic RT-PCR protocol for arboviruses.
J. Virol. Methods 72, 27–41.

Kunz, S., Borrow, P., Oldstone, M.B., 2002. Receptor structure, binding,
and cell entry of arenaviruses. Curr. Top. Microbiol. Immunol. 262,
111–137.

Kwok, S., Kellogg, D.E., McKinney, N., Spasic, D., Goda, L., Levenson,
C., Sninsky, J.J., 1990. Effects of primer-template mismatches on
the polymerase chain reaction: human immunodeficiency virus type 1
model studies. Nucleic Acids Res. 18, 999–1005.

Lachnik, J., Ackermann, B., Bohrssen, A., Maass, S., Diephaus, C.,
Puncken, A., Stermann, M., Bange, F.C., 2002. Rapid-cycle PCR and
fluorimetry for detection of mycobacteria. J. Clin. Microbiol. 40, 3364–
3373.

Laue, T., Emmerich, P., Schmitz, H., 1999. Detection of dengue virus
RNA in patients after prikmary of secondary dengue infection by using
the TaqMan automated amplification system. J. Clin. Microbiol. 37,
2543–2547.

Le Guenno, B., Formenty, P., Boesch, C., 1999. Ebola virus outbreaks
in the Ivory Coast and Liberia, 1994–1995. Curr. Top. Microbiol.
Immunol. 235, 77–84.

Lee, K.J., de la Torre, J.C., 2002. Reverse genetics of arenaviruses. Curr.
Top. Microbiol. Immunol. 262, 175–193.

Lenz, O., ter Meulen, J., Klenk, H.D., Seidah, N.G., Garten, W., 2001. The
Lassa virus glycoprotein precursor GP-C is proteolytically processed by
subtilase SKI-1/S1P. Proc. Natl. Acad. Sci. U.S.A. 98, 12701–12705.

Leroy, E.M., Baize, S., Lu, C.Y., McCormick, J.B., Georges, A.J.,
Georges-Courbot, M.C., Lansoud-Soukate, J., Fisher-Hoch, S.P., 2000a.

Diagnosis of Ebola haemorrhagic fever by RT-PCR in an epidemic
setting. J. Med. Virol. 60, 463–467.

Leroy, E.M., Baize, S., Volchkov, V.E., Fisher-Hoch, S.P.,
Georges-Courbot, M.C., Lansoud-Soukate, J., Capron, M., Debre, P.,
McCormick, J.B., Georges, A.J., 2000b. Human asymptomatic Ebola
infection and strong inflammatory response. Lancet 355, 2210–2215.

Lie, Y.S., Petropoulos, C.J., 1998. Advances in quantitative PCR technol-
ogy: 5′ nuclease assays. Curr. Opin. Biotechnol. 9, 43–48.

Lindenbach, B.D., Rice, C.M., 1997.trans-Complementation of yellow
fever virus NS1 reveals a role in early RNA replication. J. Virol. 71,
9608–9617.

Lindenbach, B.D., Rice, C.M., 1999. Genetic interaction of flavivirus
nonstructural proteins NS1 and NS4A as a determinant of replicase
function. J. Virol. 73, 4611–4621.

Lindenbach, B.D., Rice, C.M., 2001. Flaviviridae: the viruses and their
replication. In: Knipe, D.M., Howley, P.M. (Eds.), Fields Virology, 4th
ed., vol. 1. Lippincott-Raven Publishers, Philadelphia, pp. 991–1041.

Livak, K.J., Flood, S.J., Marmaro, J., Giusti, W., Deetz, K., 1995. Oligonu-
cleotides with fluorescent dyes at opposite ends provide a quenched
probe system useful for detecting PCR product and nucleic acid hy-
bridization. PCR Methods Appl. 4, 357–362.

Lozano, M.E., Enria, D., Maiztegui, J.I., Grau, O., Romanowski, V.,
1995. Rapid diagnosis of Argentine hemorrhagic fever by reverse
transcriptase PCR-based assay. J. Clin. Microbiol. 33, 1327–1332.

Lukashevich, I.S., Djavani, M., Shapiro, K., Sanchez, A., Ravkov, E.,
Nichol, S.T., Salvato, M.S., 1997. The Lassa fever virus L gene:
nucleotide sequence, comparison, and precipitation of a predicted 250
kDa protein with monospecific antiserum. J. Gen. Virol. 78, 547–551.

Lunkenheimer, K., Hufert, F.T., Schmitz, H., 1990. Detection of Lassa
virus RNA in specimens from patients with Lassa fever by using the
polymerase chain reaction. J. Clin. Microbiol. 28, 2689–2692.

Maiztegui, J.I., McKee Jr., K.T., Barrera Oro, J.G., Harrison, L.H.,
Gibbs, P.H., Feuillade, M.R., Enria, D.A., Briggiler, A.M., Levis, S.C.,
Ambrosio, A.M., Halsey, N.A., Peters, C.J., 1998. Protective efficacy
of a live attenuated vaccine against Argentine hemorrhagic fever. AHF
Study Group. J. Infect. Dis. 177, 277–283.

Martin, M., Tsai, T.F., Cropp, B., Chang, G.J., Holmes, D.A., Tseng, J.,
Shieh, W., Zaki, S.R., Al-Sanouri, I., Cutrona, A.F., Ray, G., Weld,
L.H., Cetron, M.S., 2001. Fever and multisystem organ failure asso-
ciated with 17D-204 yellow fever vaccination: a report of four cases.
Lancet 358, 98–104.

McCormick, J.B., King, I.J., Webb, P.A., Scribner, C.L., Craven, R.B.,
Johnson, K.M., Elliott, L.H., Belmont-Williams, R., 1986a. Lassa fever.
Effective therapy with ribavirin. N. Engl. J. Med. 314, 20–26.

McCormick, J.B., Walker, D.H., King, I.J., Webb, P.A., Elliott, L.H.,
Whitfield, S.G., Johnson, K.M., 1986b. Lassa virus hepatitis: a study
of fatal Lassa fever in humans. Am. J. Trop. Med. Hyg. 35, 401–407.

McCormick, J.B., King, I.J., Webb, P.A., Johnson, K.M., O’Sullivan, R.,
Smith, E.S., Trippel, S., Tong, T.C., 1987a. A case–control study of
the clinical diagnosis and course of Lassa fever. J. Infect. Dis. 155,
445–455.

McCormick, J.B., Webb, P.A., Krebs, J.W., Johnson, K.M., Smith, E.S.,
1987b. A prospective study of the epidemiology and ecology of Lassa
fever. J. Infect. Dis. 155, 437–444.

Meiyu, F., Huosheng, C., Cuihua, C., Xiaodong, T., Lianhua, J., Yifei,
P., Weijun, C., Huiyu, G., 1997. Detection of flaviviruses by reverse
transcriptase-polymerase chain reaction with the universal primer set.
Microbiol. Immunol. 41, 209–213.

Meyer, B.J., Southern, P.J., 1993. Concurrent sequence analysis of 5′ and 3′
RNA termini by intramolecular circularization reveals 5′ nontemplated
bases and 3′ terminal heterogeneity for lymphocytic choriomeningitis
virus mRNAs. J. Virol. 67, 2621–2627.

Monath, T.P., Maher, M., Casals, J., Kissling, R.E., Cacciapuoti, A., 1974.
Lassa fever in the Eastern Province of Sierra Leone, 1970–1972. II.
Clinical observations and virological studies on selected hospital cases.
Am. J. Trop. Med. Hyg. 23, 1140–1149.



86 C. Drosten et al. / Antiviral Research 57 (2003) 61–87

Morata, P., Queipo-Ortuno, M.I., de Dios Colmenero, J., 1998. Strategy for
optimizing DNA amplification in a peripheral blood PCR assay used
for diagnosis of human brucellosis. J. Clin. Microbiol. 36, 2443–2446.

Nair, V., Ussery, M.A., 1992. New hypoxanthine nucleosides with RNA
antiviral activity. Antiviral Res. 19, 173–178.

Ndambi, R., Akamituna, P., Bonnet, M.J., Tukadila, A.M.,
Muyembe-Tamfum, J.J., Colebunders, R., 1999. Epidemiologic and
clinical aspects of the Ebola virus epidemic in Mosango, Democratic
Republic of the Congo, 1995. J. Infect. Dis. 179 (Suppl. 1), S8–S10.

Newcombe, J., Cartwright, K., Palmer, W.H., McFadden, J., 1996. PCR
of peripheral blood for diagnosis of meningococcal disease. J. Clin.
Microbiol. 34, 1637–1640.

Nolte, F.S., Fried, M.W., Shiffman, M.L., Ferreira-Gonzalez, A., Garrett,
C.T., Schiff, E.R., Polyak, S.J., Gretch, D.R., 2001. Prospective mul-
ticenter clinical evaluation of AMPLICOR and COBAS AMPLICOR
hepatitis C virus tests. J. Clin. Microbiol. 39, 4005–4012.

Oldstone, M.B.A., 2002a. Arenaviruses I. Curr. Top. Microbiol. Immunol.
262. Compans, R.W., Cooper, M., Ito, Y., Koprowski, H., Melchers,
F., Oldstone, M., Olsnes, S., Potter, M., Vogt, P.K., Wagner, H. (Eds.).
Springer-Verlag, Berlin.

Oldstone, M.B.A., 2002b. Arenaviruses II. Curr. Top. Microbiol. Immunol.
263. Compans, R.W., Cooper, M., Ito, Y., Koprowski, H., Melchers,
F., Oldstone, M., Olsnes, S., Potter, M., Vogt, P.K., Wagner, H. (Eds.).
Springer-Verlag, Berlin.

Papa, A., Bino, S., Llagami, A., Brahimaj, B., Papadimitriou, E., Pavlidou,
V., Velo, E., Cahani, G., Hajdini, M., Pilaca, A., Harxhi, A., Antoniadis,
A., 2002a. Crimean-Congo hemorrhagic Fever in Albania, 2001. Eur.
J. Clin. Microbiol. Infect. Dis. 21, 603–606.

Papa, A., Bozovi, B., Pavlidou, V., Papadimitriou, E., Pelemis, M., Anto-
niadis, A., 2002b. Genetic detection and isolation of Crimean-Congo
hemorrhagic fever virus, Kosovo, Yugoslavia. Emerg. Infect. Dis.
Suppl. 8, 852–854.

Pavri, K., 1989. Clinical, clinicopathologic, and hematologic features of
Kyasanur Forest disease. Rev. Infect. Dis. 11 (Suppl. 4), S854–S859.

Pellise, M., Miquel, R., 2000. Liver failure due to herpes simplex virus.
J. Hepatol. 32, 170.

Peters, D.J., Greene, W.H., Ruggiero, F., McGarrity, T.J., 2000. Herpes
simplex-induced fulminant hepatitis in adults: a call for empiric therapy.
Dig. Dis. Sci. 45, 2399–2404.

Pham, D.G., Madico, G.E., Quinn, T.C., Enzler, M.J., Smith, T.F., Gaydos,
C.A., 1998. Use of lambda phage DNA as a hybrid internal control
in a PCR-enzyme immunoassay to detectChlamydia pneumoniae. J.
Clin. Microbiol. 36, 1919–1922.

Piatek, A.S., Tyagi, S., Pol, A.C., Telenti, A., Miller, L.P., Kramer, F.R.,
Alland, D., 1998. Molecular beacon sequence analysis for detecting
drug resistance inMycobacterium tuberculosis. Nat. Biotechnol. 16,
359–363.

Pierre, V., Drouet, M.T., Deubel, V., 1994. Identification of mosquito-borne
flavivirus sequences using universal primers and reverse transcrip-
tion/polymerase chain reaction. Res. Virol. 145, 93–104.

Pinna, A.D., Rakela, J., Demetris, A.J., Fung, J.J., 2002. Five cases of
fulminant hepatitis due to herpes simplex virus in adults. Dig. Dis.
Sci. 47, 750–754.

Pittman, P.R., Liu, C.T., Cannon, T.L., Makuch, R.S., Mangiafico, J.A.,
Gibbs, P.H., Peters, C.J., 1999. Immunogenicity of an inactivated Rift
Valley fever vaccine in humans: a 12-year experience. Vaccine 18,
181–189.

Preiser, W., Just-Nübling, G., 2000. Meningococcal disease—Germany ex
Ethiopia. ProMed Mail.

Preiser, W., Stürmer, M., Fleckenstein, C., Berger, A., Sakho, L., Koivogui,
L., ter Meulen, J., 2002. A real-time “TaqMan” PCR assay for the
detection of different yellow fever virus strains in clinical samples.
Infection 30, 17.

Rice, C.M., Grakoui, A., Galler, R., Chambers, T.J., 1989. Transcription
of infectious yellow fever virus RNA from full-length cDNA templates
produced by in vitro ligation. New Biol. 1, 285–296.

Rodriguez, L.L., De Roo, A., Guimard, Y., Trappier, S.G., Sanchez, A.,
Bressler, D., Williams, A.J., Rowe, A.K., Bertolli, J., Khan, A.S.,
Ksiazek, T.G., Peters, C.J., Nichol, S.T., 1999. Persistence and genetic
stability of Ebola virus during the outbreak in Kikwit, Democratic
Republic of the Congo, 1995. J. Infect. Dis. 179 (Suppl. 1), S170–S176.

Rodriguez, M., McCormick, J.B., Weissenbacher, M.C., 1986. Antiviral
effect of ribavirin on Junin virus replication in vitro. Rev. Argent.
Microbiol. 18, 69–74.

Rosenstraus, M., Wang, Z., Chang, S.Y., DeBonville, D., Spadoro, J.P.,
1998. An internal control for routine diagnostic PCR: design, proper-
ties, and effect on clinical performance. J. Clin. Microbiol. 36, 191–
197.

Roth, W.K., Weber, M., Seifried, E., 1999. Feasibility and efficacy of
routine PCR screening of blood donations for hepatitis C virus, hepatitis
B virus, and HIV-1 in a blood-bank setting. Lancet 353, 359–363.

Rubio, J.M., Benito, A., Roche, J., Berzosa, P.J., Garcia, M.L., Mico,
M., Edu, M., Alvar, J., 1999. Semi-nested, multiplex polymerase chain
reaction for detection of human malaria parasites and evidence of
Plasmodium vivaxinfection in Equatorial Guinea. Am. J. Trop. Med.
Hyg. 60, 183–187.

Rubio, J.M., Post, R.J., van Leeuwen, W.M., Henry, M.C., Lindergard, G.,
Hommel, M., 2002. Alternative polymerase chain reaction method to
identify Plasmodiumspecies in human blood samples: the semi-nested
multiplex malaria PCR (SnM-PCR). Trans. R. Soc. Trop. Med. Hyg.
96 (Suppl. 1), S199–S204.

Ruggli, N., Rice, C.M., 1999. Functional cDNA clones of the Flaviviridae:
strategies and applications. Adv. Virus Res. 53, 183–207.

Saijo, M., Qing, T., Niikura, M., Maeda, A., Ikegami, T., Prehaud,
C., Kurane, I., Morikawa, S., 2002. Recombinant nucleoprotein-based
enzyme-linked immunosorbent assay for detection of immunoglobu-
lin G antibodies to Crimean-Congo hemorrhagic fever virus. J. Clin.
Microbiol. 40, 1587–1591.

Salazar-Bravo, J., Ruedas, L.A., Yates, T.L., 2002. Mammalian reservoirs
of arenaviruses. Curr. Top. Microbiol. Immunol. 262, 25–63.

Saldanha, J., 1993. Assays for viral sequences and their value in validation
of viral elimination. Dev. Biol. Stand. 81, 231–236.

Saldanha, J., 1999. Standardization: a progress report. Biologicals 27,
285–289.

Saldanha, J., 2001. Validation and standardisation of nucleic acid ampli-
fication technology (NAT) assays for the detection of viral contami-
nation of blood and blood products. J. Clin. Virol. 20, 7–13.

Sall, A.A., Thonnon, J., Sene, O.K., Fall, A., Ndiaye, M., Baudez,
B., Mathiot, C., Bouloy, M., 2001. Single-tube and nested reverse
transcriptase-polymerase chain reaction for detection of Rift Valley
fever virus in human and animal sera. J. Virol. Methods 91, 85–92.

Sall, A.A., Macondo, E.A., Sene, O.K., Diagne, M., Sylla, R., Mondo,
M., Girault, L., Marrama, L., Spiegel, A., Diallo, M., Bouloy, M.,
Mathiot, C., 2002. Use of reverse transcriptase PCR in early diagnosis
of Rift Valley fever. Clin. Diagn. Lab. Immunol. 9, 713–715.

Salvato, M.S., Schweighofer, K.J., Burns, J., Shimomaye, E.M., 1992.
Biochemical and immunological evidence that the 11 kDa zinc-binding
protein of lymphocytic choriomeningitis virus is a structural component
of the virus. Virus Res. 22, 185–198.

Sanchez, A., Ksiazek, T.G., Rollin, P.E., Miranda, M.E., Trappier, S.G.,
Khan, A.S., Peters, C.J., Nichol, S.T., 1999. Detection and molecu-
lar characterization of Ebola viruses causing disease in human and
nonhuman primates. J. Infect. Dis. 179 (Suppl. 1), S164–S169.

Sanchez, A.J., Vincent, M.J., Nichol, S.T., 2002. Characterization of the
glycoproteins of Crimean-Congo hemorrhagic fever virus. J. Virol. 76,
7263–7275.

Satsangi, J., Jewell, D.P., Welsh, K., Bunce, M., Bell, J.I., 1994. Effect
of heparin on polymerase chain reaction. Lancet 343, 1509–1510.

Scaramozzino, N., Crance, J.M., Jouan, A., DeBriel, D.A., Stoll, F., Garin,
D., 2001. Comparison of flavivirus universal primer pairs and develop-
ment of a rapid, highly sensitive heminested reverse transcription-PCR
assay for detection of flaviviruses targeted to a conserved region of
the NS5 gene sequences. J. Clin. Microbiol. 39, 1922–1927.



C. Drosten et al. / Antiviral Research 57 (2003) 61–87 87

Schmitz, H., Kšhler, B., Laue, T., Drosten, C., Veldkamp, P.J., Günther, S.,
Emmerich, P., Geisen, H.P., Fleischer, K., Beersma, M.F.C., Hoerauf,
A., 2002. Monitoring of clinical and laboratory data in two cases of
imported Lassa fever. Microbes Infect. 4, 43–50.

Schwarz, T.F., Nsanze, H., Longson, M., Nitschko, H., Gilch, S., Shurie,
H., Ameen, A., Zahir, A.R., Acharya, U.G., Jager, G., 1996. Polymerase
chain reaction for diagnosis and identification of distinct variants of
Crimean-Congo hemorrhagic fever virus in the United Arab Emirates.
Am. J. Trop. Med. Hyg. 55, 190–196.

Smee, D.F., Morris, J.L., Barnard, D.L., Van Aerschot, A., 1992. Se-
lective inhibition of arthropod-borne and arenaviruses in vitro by
3′-fluoro-3′-deoxyadenosine. Antiviral Res. 18, 151–162.

Smieja, M., Mahony, J.B., Goldsmith, C.H., Chong, S., Petrich, A., Cher-
nesky, M., 2001. Replicate PCR testing and probit analysis for detec-
tion and quantitation ofChlamydia pneumoniaein clinical specimens.
J. Clin. Microbiol. 39, 1796–1801.

Solbrig, V.M., 1993. Lassa virus and central nervous system. In: Salvato,
S.M. (Ed.), The Arenaviridae. Plenum Press, New York, pp. 325–330.

Solbrig, V.M., McCormick, J.B., 1991. Lassa fever: central nervous system
manifestations. J. Trop. Geograph. Neurol. 1, 23–30.

Tan, B.H., Fu, J., Sugrue, R.J., Yap, E.H., Chan, Y.C., Tan, Y.H., 1996.
Recombinant dengue type 1 virus NS5 protein expressed inEscherichia
coli exhibits RNA-dependent RNA polymerase activity. Virology 216,
317–325.

Tanaka, M., 1993. Rapid identification of flavivirus using the polymerase
chain reaction. J. Virol. Methods 41, 311–322.

Teichmann, D., Grobusch, M.P., Wesselmann, H., Temmesfeld-Wollbruck,
B., Breuer, T., Dietel, M., Emmerich, P., Schmitz, H., Suttorp, N.,
1999. A haemorrhagic fever from the Cote d’Ivoire. Lancet 354, 1608.

ter Meulen, J., 2001. Hemorrhagic fever—Germany (Giessen) ex Kenya:
NOT. ProMed Mail.

ter Meulen, J., Lukashevich, I., Sidibe, K., Inapogui, A., Marx, M., Dor-
lemann, A., Yansane, M.L., Koulemou, K., Chang-Claude, J., Schmitz,
H., 1996. Hunting of peridomestic rodents and consumption of their
meat as possible risk factors for rodent-to-human transmission of Lassa
virus in the Republic of Guinea. Am. J. Trop. Med. Hyg. 55, 661–666.

ter Meulen, J., Koulemou, K., Wittekindt, T., Windisch, K., Strigl, S.,
Conde, S., Schmitz, H., 1998. Detection of Lassa virus antinucle-
oprotein immunoglobulin G (IgG) and IgM antibodies by a simple
recombinant immunoblot assay for field use. J. Clin. Microbiol. 36,
3143–3148.

Theiler, M., Smith, H.H., 1937. Use of yellow fever virus modified by in
vitro cultivation for human immunization. J. Exp. Med. 65, 787–800.

Tikriti, S.K., Hassan, F.K., Moslih, I.M., Jurji, F., Mahmud, M.I., Tantawi,
H.H., 1981. Congo/Crimean haemorrhagic fever in Iraq: a seroepi-
demiological survey. J. Trop. Med. Hyg. 84, 117–120.

Trappier, S.G., Conaty, A.L., Farrar, B.B., Auperin, D.D., McCormick,
J.B., Fisher-Hoch, S.P., 1993. Evaluation of the polymerase chain
reaction for diagnosis of Lassa virus infection. Am. J. Trop. Med.
Hyg. 49, 214–221.

Vasconcelos, P.F., Luna, E.J., Galler, R., Silva, L.J., Coimbra, T.L., Barros,
V.L., Monath, T.P., Rodigues, S.G., Laval, C., Costa, Z.G., Vilela, M.F.,

Santos, C.L., Papaiordanou, P.M., Alves, V.A., Andrade, L.D., Sato,
H.K., Rosa, E.S., Froguas, G.B., Lacava, E., Almeida, L.M., Cruz,
A.C., Rocco, I.M., Santos, R.T., Oliva, O.F., Papaiordanou, C.M., 2001.
Serious adverse events associated with yellow fever 17DD vaccine in
Brazil: a report of two cases. Lancet 358, 91–97.

Velasco, M., Llamas, E., Guijarro-Rojas, M., Ruiz-Yague, M., 1999.
Fulminant herpes hepatitis in a healthy adult: a treatable disorder? J.
Clin. Gastroenterol. 28, 386–389.

Vesenjak-Hirjan, J., Punda-Polic, V., Dobe, M., 1991. Geographical dis-
tribution of arboviruses in Yugoslavia. J. Hyg. Epidemiol. Microbiol.
Immunol. 35, 129–140.

Volchkov, V.E., Volchkova, V.A., Muhlberger, E., Kolesnikova, L.V., Weik,
M., Dolnik, O., Klenk, H.D., 2001. Recovery of infectious Ebola virus
from complementary DNA: RNA editing of the GP gene and viral
cytotoxicity. Science 291, 1965–1969.

Wachsman, M.B., Lopez, E.M., Ramirez, J.A., Galagovsky, L.R., Coto,
C.E., 2000. Antiviral effect of brassinosteroids against herpes virus
and arenaviruses. Antivir. Chem. Chemother. 11, 71–77.

Walker, D.H., McCormick, J.B., Johnson, K.M., Webb, P.A., Komba-Kono,
G., Elliott, L.H., Gardner, J.J., 1982. Pathologic and virologic study
of fatal Lassa fever in man. Am. J. Pathol. 107, 349–356.

Warrener, P., Tamura, J.K., Collett, M.S., 1993. An RNA-stimulated NT-
Pase activity associated with yellow fever virus NS3 protein expressed
in bacteria. J. Virol. 67, 989–996.

Wengler, G., Wengler, G., 1993. The NS3 nonstructural protein of fla-
viviruses contains an RNA triphosphatase activity. Virology 197, 265–
273.

Witney, A.A., Doolan, D.L., Anthony, R.M., Weiss, W.R., Hoffman, S.L.,
Carucci, D.J., 2001. Determining liver stage parasite burden by real
time quantitative PCR as a method for evaluating pre-erythrocytic
malaria vaccine efficacy. Mol. Biochem. Parasitol. 118, 233–245.

Wittwer, C.T., Herrmann, M.G., Moss, A.A., Rasmussen, R.P., 1997.
Continuous fluorescence monitoring of rapid cycle DNA amplification.
Biotechniques 22, 130–131.

Woo, T.H., Patel, B.K., Smythe, L.D., Symonds, M.L., Norris, M.A.,
Dohnt, M.F., 1997. Identification of pathogenicLeptospira genospecies
by continuous monitoring of fluorogenic hybridization probes during
rapid-cycle PCR. J. Clin. Microbiol. 35, 3140–3146.

Woo, T.H., Patel, B.K., Smythe, L.D., Norris, M.A., Symonds, M.L.,
Dohnt, M.F., 1998. Identification of pathogenicLeptospiraby TaqMan
probe in a LightCycler. Anal. Biochem. 256, 132–134.

Zaki, S.R., Shieh, W.J., Greer, P.W., Goldsmith, C.S., Ferebee, T., Katshit-
shi, J., Tshioko, F.K., Bwaka, M.A., Swanepoel, R., Calain, P., Khan,
A.S., Lloyd, E., Rollin, P.E., Ksiazek, T.G., Peters, C.J., 1999. A novel
immunohistochemical assay for the detection of Ebola virus in skin:
implications for diagnosis, spread, and surveillance of Ebola hemor-
rhagic fever. Commission de Lutte contre les Epidemies a Kikwit. J.
Infect. Dis. 179 (Suppl. 1), S36–S47.

Zweighaft, R.M., Fraser, D.W., Hattwick, M.A., Winkler, W.G., Jordan,
W.C., Alter, M., Wolfe, M., Wulff, H., Johnson, K.M., 1977. Lassa
fever: response to an imported case. N. Engl. J. Med. 297, 803–
807.


	Molecular diagnostics of viral hemorrhagic fevers
	Part I
	Introduction
	Viral hemorrhagic fevers
	Epidemiology of VHF
	Laboratory diagnosis of VHF
	Virus culture and antigen testing
	Serological tests

	Molecular diagnostics-PCR
	Specimens and RNA preparation
	Primer design
	Reverse transcription PCR
	Modified conventional PCR
	Real-time PCR
	Sensitivity of VHF PCR
	PCR inhibition

	Published PCR methods for detection of VHF viruses
	Filoviruses
	Bunyaviruses
	Arenaviruses
	Flaviviruses


	Part II
	Introduction
	Lassa fever
	Classification and morphology of the virus
	Genome structure
	Viral life cycle
	Epidemiology
	Clinical manifestation and pathogenesis
	Antivirals, therapy, and vaccination

	Imported cases of Lassa fever
	Clinical description
	Diagnostic procedure
	Management of contacts

	Yellow fever
	Introduction
	Virion morphology and genome structure
	Viral life cycle
	Reverse genetics
	Epidemiology
	Pathogenesis and clinical features
	Vaccination and therapy

	Imported cases of yellow fever
	Clinical description
	Diagnostic procedure

	Crimean-Congo hemorrhagic fever
	The virus
	Epidemiology
	Clinical picture and therapy

	Crimean-Congo hemorrhagic fever in Europe
	Clinical description
	Diagnostic procedure and phylogenetic analysis


	Part III
	Laboratory diagnosis of pathogens causing syndromes similar to VHF

	Acknowledgements
	References


