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ABSTRACT – Hantaviruses are rodent-borne bunyaviruses which cause haemorrhagic fever with
renal syndrome and Hantavirus pulmonary syndrome in humans. This review covers the host
interactions of the viruses, including the rodent reservoirs, the clinical outcome of human infections as
well as the pathogenesis and laboratory diagnosis of infections. The current stage in prophylaxis and
therapy of hantaviral diseases is described and different approaches in vaccine development are discussed.
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1. Introduction

Hantaviruses cause two human zoonoses, haemor-
rhagic fever with renal syndrome (HFRS) and Hantavirus
pulmonary syndrome (HPS). They are transmitted from
rodents as their natural virus reservoir. Hantaviruses belong
to the group of ’emerging viruses’ [1]. There are several
potential reasons for their emergence; e.g., changes in
rodent population density or the invasion of humans in the
environment of rodents. Certainly, the recent progress in
the characterisation of the responsible agents and in the
diagnosis of human infections are also decisive for the
increasing number of recognised Hantavirus infections.

The first Hantavirus described, named Hantaan virus
(HTNV), was isolated from the striped field mouse, Apo-
demus agrarius, by Ho-Wang Lee and co-workers in Korea
[2] as a result of research efforts that started during the
Korean War. Between 1951 and 1954 around 3 000 sol-
diers of the United Nations forces became ill from a
disease subsequently called Korean haemorrhagic fever
(KHF), characterised by symptoms such as high fever,
chills, headache, generalised myalgia, abdominal and
back pain and haemorrhagic manifestations. Severe clini-
cal courses led to shock, renal failure and in up to 10% of
the cases even to death.

D.C. Gajdusek was the first to postulate a relationship
between the haemorrhagic fevers occurring in Korea, Rus-
sia and China and a disease, called nephropathia epi-
demica (NE), which had been described in Scandinavia
since the 1930s [3]. NE, caused by Puumala hantavirus
(PUUV), is characterised by a similar but generally milder
clinical course when compared with KHF [4]. As in the

case of KHF, an increased occurrence of NE has been
connected with the conditions of land war; several reports
describe nephritis outbreaks during World War II [5, 6]
most probably caused by Hantavirus infections.

The term ’HFRS’, as suggested by Gajdusek [7], was
adopted by the World Health Organisation in 1983 [8] for
the collective designation of clinical Hantavirus infections
throughout Eurasia. One should, however, keep in mind
that only about one-third of HTNV-infected patients
develop bleeding or internal haemorrhages and that infec-
tion by PUUV usually presents without visible superficial
haemorrhages [9]. The term Hantavirus (as a genus within
the family Bunyaviridae) was introduced in 1985 for the
group of HFRS-causing and related viruses by Connie
Schmaljohn and co-workers [10].

In 1993, an outbreak of an acute pulmonary distress
syndrome was reported in the south-west of the United
States. Typically this disease was characterised by an acute
onset of fever, headache, myalgia, hypovolemic hypoten-
sion and respiratory failure. The case fatality index was as
high as 50%. Using primers on the basis of already known
Hantavirus nucleotide sequences, a novel pathogenic Han-
tavirus, now named Sin Nombre virus (SNV), could be
identified by RT-PCR within only a few weeks after notifi-
cation of the outbreak [11]. This finding was unexpected
since a pulmonary instead of nephrological manifestation
was dominating and no hantaviruses leading to acute
illness had been reported earlier in the Americas.

2. Virus–host interactions
2.1. Hantaviruses and their rodent reservoirs

Hantaviruses are enveloped, spherical particles of
80–110 nm in size. The virus genome consists of three
segments of negative-stranded RNA; the large (L) segment
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encodes the viral RNA polymerase, the medium (M) seg-
ment the envelope glycoproteins G1 and G2, and the
small (S) segment the nucleocapsid protein (N). The mem-
bers of the genus Hantavirus share morphological and
genetic similarities with the other genera of the Bunyaviri-
dae, although details of their coding strategies were found
to be different [12]. Hantaviruses are the only members of
the Bunyaviridae family which are transmitted to humans
not by arthropods but by excretions of rodents. It has been
proposed to call them roboviruses (rodent-borne viruses)
in analogy to the term ’arboviruses’ (arthropod-borne
viruses) [13].

The genus can be divided into different Hantavirus
species. ’Species’, ’serotype’, ’genotype’ or simply ’han-
tavirus’ are synonymously used terms. Pathogenicity for
humans has been shown for some hantaviruses (table I).
There is a strong association between the different Han-
tavirus species and their reservoir hosts, which indicates a
co-speciation during evolution [14, 13]. Rodents harbour-
ing hantaviruses can be classified into three subfamilies of
the family Muridae; these are the Arvicolinae, Murinae,
and, in the New World, Sigmodontinae subfamilies (table
I). By phylogenetic analyses of their nucleotide sequences,
the hantaviruses cluster into different genetic lineages
clearly associated with their major rodent hosts [15, 16].

The major human-pathogenic Asian hantaviruses,
HTNV and Seoul virus (SEOV), as well as the two human-
pathogenic DOBV lineages found in Europe, are carried
by Murinae rodents. These are the striped field mouse
(A. agrarius) for HTNV, rats (Rattus rattus and R. norvegi-
cus) for SEOV, the yellow-necked field mouse (Apodemus
flavicollis) and the European variant of the striped field
mouse (A. agrarius) for the two DOBV lineages, DOBV-Af
and DOBV-Aa, respectively. PUUV is carried by the bank
vole (Clethrionomys glareolus), belonging to the Arvicoli-
nae subfamily. For other Hantavirus species found in
Arvicolinae hosts, like Tula (TULV), Prospect Hill (PHV),
Khabarovsk (KBRV) or Topografov virus (TOPV), a patho-
genicity for humans has not been shown.

SNV has been identified in deer mice (Peromyscus
maniculatus) in the south-east of the USA where the first
HPS patients were found in 1993. Since then several new

Hantavirus species have been identified in New World
mice (Sigmodontinae) in the Americas. Human infection
by Hantavirus species found in the USA and Canada is
characterised by relatively sporadic infections, mainly by
SNV. Only a few human cases have been reported which
were caused by Bayou virus (host: marsh rice rat, Ory-
zomys palustris), Black Creek Canal virus (host: cotton rat,
Sigmodon hispidus) and New York virus (host: white-
footed mouse, Peromyscus leucopus). In South America,
multiple pathogenic hantaviruses have been identified
and HPS outbreaks, as well as sporadic cases, have been
observed. It seems that one of the most important patho-
genic hantaviruses in this continent is the Andes virus
(ANDV) which is carried by the long-tailed pygmy rice rat,
Oligoryzomys longicaudatus (table I). Some other geneti-
cally characterised viruses have not been isolated yet. In
addition, there are hantaviruses in the Americas that have
not been reported to be associated with human disease.

Hantaviruses exhibit persistent infections of their host
rodents, and the evolution of the viruses should proceed in
this environment [17]. In the persistently infected animal,
a complex population of closely related virus variants
(quasispecies) has been reported which is likely caused by
point mutations [18–20]. The quasispecies occurrence
may be due to evolutionary processes such as natural
selection of pre-existing variants and genetic drift.

A second basis for the evolutionary development of
hantaviruses is genetic changes due to RNA recombina-
tion. A first example of intramolecular recombination
(within the S segment) between related lineages of TULV
occurring in nature has recently been reported [21].

In addition, since hantaviruses possess segmented
genomes, the possibility of genetic reassortment between
different Hantavirus variants exists, as already known for
influenza viruses. Reassortment of gene segments has
been found to occur in nature between related strains of
the same hantavirus species but not between different
species [22, 23]. In in vitro studies Rodriguez and col-
leagues [24] were able to simulate genetic reassortment
between two related strains of SNV but, again, they found
sharply decreased reassortment probabilities between
members of different species. These results suggested an

Table I. Human pathogenic hantaviruses and their rodent reservoirs.

Host (family Muridae) Virus (family Bunyaviridae, genus Hantavirus)
Disease

Subfamily Genus Species Species

Arvicolinae Clethrionomys glareolus Puumala virus (PUUV) HFRS
Murinae Apodemus agrarius Hantaan virus (HTNV) HFRS

agrarius Dobrava virus (DOBV-Aa) HFRS
flavicollis Dobrava virus (DOBV-Af) HFRS

Rattus rattus Seoul virus (SEOV) HFRS
norvegicus SEOV HFRS

Sigmodontinae Peromyscus maniculatus Sin Nombre virus (SNV) HPS
leucopus New York virus (NYV) HPS

Oryzomys palustris Bayou virus (BAYV) HPS
Sigmodon hispidus Black Creek Canal virus (BCCV) HPS

Oligoryzomys longicaudatus Andes virus (ANDV) HPS
Calomys laucha Laguna Negra virus (LNV) HPS

Data adapted from [37, 38, 155, 156] and Hjelle B., personal communication.
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inverse correlation of genetic distances and the frequency
of formation of viable virus after reassortment, which
might be caused by structural and functional peculiarities
of the virus genomes and their replication and, at least in
nature, by the fact that hantaviruses which are primarily
maintained in different rodent hosts rarely have the oppor-
tunity to genetically interact. There are indications for the
occurrence of host switches in the evolution of hantavi-
ruses; however, these seem to be rare events, whereas
virus–host co-speciation remains the usual principle [25,
15].

2.2. Human diseases: HRFS and HPS

Principally, hantaviruses are transmitted to humans via
aerosols of virus-contaminated rodent urine, faeces or
saliva, probably also via food or hands contaminated by
these excretions. In addition, there may be human cases
due to rodent bites or scratches. Certain aspects of the only
outbreak reported to be caused by person-to-person trans-
mission still remain unclear [26].

The most severe forms of HFRS occur in Eastern Russia,
China and Korea (caused by HTNV infection) and in the
Balkan region (caused by DOBV infection). Usually, the
clinical course can be subdivided into five distinct phases.
After an incubation period of about 2–4 weeks, there is an
abrupt onset of disease with fever, chills, general malaise,
headache and other influenza-like symptoms, nausea,
back and abdominal pain, gastrointestinal symptoms. This
febrile phase usually lasts for 3–7 days. Towards the end of
this phase, conjunctival haemorrhages and fine petechiae
occur at the body surface. The hypotensive phase can last
from several hours to 2 days. The characteristic drop of the
blood platelet number begins. In severe cases, a clinical
shock state occurs and one-third of HFRS deaths are
associated with irreversible shock at this stage. In the
oliguric phase (3–7 days) due to renal failure, a massive
proteinuria occurs. One-half of fatalities occur during this
phase. Typical findings are elevated concentrations of
serum creatinine and urea. Blood pressure becomes nor-
malised or even changes to hypertension. The onset of the
diuretic phase is a positive prognostic sign for the patient.
Diuresis of 3–6 L is usually observed; the daily urine
production and the length of this phase (days to weeks) has
been described to be correlated with the severity of the
syndrome during the previous clinical phases. The conva-
lescent phase is characterised by recovery of the clinical
and biochemical markers. Usually, a restitutio ad integrum
is observed.

Urban cases of HFRS in Asia but also rat-borne labora-
tory infections have been reported to be caused by SEOV.
Most clinical cases due to SEOV infection exhibit a milder
course than the above-mentioned HTNV infections. The
five clinical phases of classical HFRS are sometimes diffi-
cult to define.

PUUV usually causes a rather mild form of HFRS,
called NE (see above). The fatality index of NE is less than
0.2%. Analysis of about 30 clinical cases with DOBV
infections in central Europe (probably caused by the
DOBV-Aa lineage) shows that these patients exhibit a mild
to moderate form of HFRS similar to PUUV infection ([27,
28]; our unpublished data). A single clinical case of DOBV

infection with a similar clinical course was also reported
from Estonia [29], a north-eastern European country were
DOBV-Aa was first found [30, 31].

Early HPS symptoms resemble those of HFRS, including
fever, tachypnoea and tachycardia. Thereafter, the car-
diopulmonary phase progresses dramatically and makes
hospitalisation and often mechanical ventilation within
not more than 24 h necessary. Bilateral intestinal pulmo-
nary oedema/infiltrates occur in combination with dysp-
noea and hypoxemia. Hypotension, cardiovascular col-
lapse and shock can be observed. Severe cardiopulmonary
dysfunction predicts a poor prognosis of HPS; the case
fatality is about 50%. The occurrence of aberrant lympho-
cytes, thrombocytopenia and pulmonary oedema are typi-
cal signs of an infection by SNV or related hantaviruses.

It should be noted that there is no absolute assignment
of renal disease and HFRS on the one hand, and lung
disease and HPS on the other. HPS cases with renal and/or
haemorrhagic involvement especially in South America
and HFRS cases with lung involvement have been
observed.

There are useful comprehensive reports about the clini-
cal courses of severe HFRS in Asia (e.g., [9]) and south-east
Europe (e.g., [32]), mild HFRS/NE (e.g., [33, 34]) and HPS
(e.g., [35]) as well as general surveys (for a few recent
examples, see [36–38]. Certainly, several rather non-
symptomatic, clinically unspecific and for other reasons
undiagnosed infections exist in addition to clinically and
diagnostically proven HFRS and HPS cases.

2.3. Virus- and host-dependent pathogenesis

A common factor for many of the clinical symptoms of
human Hantavirus infections is the increased capillary
permeability, which explains the haemorrhagic tendency
and abdominal pain due to retroperitoneal oedema in
HFRS, as well as extravasation of fluid to alveolar space
and pulmonary oedema occurring in HPS [39, 36]. Han-
taviruses do not cause significant cytopathic effects in vitro
and viral replication should therefore not be sufficient to
explain the capillary damage. The occurrence of large
intracellular inclusion bodies, likely to contain viral N
protein, is typical for Hantavirus infections [40, 41]. Cel-
lular injury may be caused by cell-mediated immune
responses; activation of CD8+ T cells has been demon-
strated in HPS patients, and CD8+ cells together with
monocytes/macrophages have been found in association
with Hantavirus-positive lung endothelial cells [41, 42].
Human CD8+ cell reactivities have been mapped to cer-
tain regions in the N proteins of both SNV and HTNV [43,
44].

Increased levels of cytokines after Hantavirus infection
have been encountered both in vivo and in vitro. The
production of tumour necrosis factor-alpha (TNF-α) can be
related to symptoms observed both in HFRS and HPS, and
elevated plasma levels of TNF-α as well as IL-6 and IL-10
have been reported in HFRS patients [45]. Elevated plasma/
serum levels of histamine and serotonin, as well as elevated
levels of nitric oxide metabolites have been described, all
of which could contribute to the vascular and endothelial
disturbances [46, 47].

Hantavirus infections and their prevention Review

Microbes and Infection
2001, 1129-0

1131



The specific feature that enables a certain Hantavirus
species to cause preferentially renal vs pulmonary symp-
toms, or subclinical/mild vs lethal manifestations, is not
understood. In addition, the severity of infections by a
certain Hantavirus species, e.g., PUUV, range from a
majority of subclinical infections, to several mild cases, a
few severe and sometimes even fatal cases.

In a model based on newborn mice, altered palmitoyl-
ation caused by a single amino acid exchange in the
HTNV glycoprotein has been suggested to alter the viru-
lence of the virus dramatically [48]. Similarly, different
SEOV isolates can markedly differ in virulence in new-
born rats [49]. Adaptation of wild-type PUUV strains to
cell culture were shown to attenuate the virus for infection
of its natural host. However, no changes in the genomic
regions encoding the structural protein could be observed,
only single mutations in the 3’ non-coding region of the S
segment appeared [50]. To which extent these data from
rodent models can be extrapolated to human diseases is
unknown. Trials to establish a disease model simulating
the human symptoms in primates had no success [51].
Although detection of viral antigen in renal tissue and mild
HFRS-like manifestations have been reported in some
PUUV-infected Macaca fascicularis animals, the signifi-
cance of this model is uncertain [52].

There is evidence for a genetic susceptibility to a severe
course of Hantavirus disease in humans, at least for PUUV
infection. Of 74 HFRS patients who were HLA-typed, all
cases in shock (seven out of seven) and nine out of 13
patients requiring dialysis had HLA B8 and DR3 alleles
[53]. Individuals with these HLA types had a tendency to
increased virus levels, as determined by viral RNA in urine
and lymphocytes [54]. In contrast, patients with HLA B27
showed a preference for milder clinical courses, and more-
over, only six out of 74 HFRS patients, half the figure
expected, had the HLA B27 allele [55]. Recently, the
biallelic polymorphisms in the TNF-α gene promoter
region was studied in PUUV infected patients; the rarer
TNF2 allele, associated with a high TNF-α producer phe-
notype, was more frequently found in hospitalised patients
(42%) than in healthy controls (15%) [56].

Another important question is how the natural rodent
hosts can remain persistently infected, with high titres of
virus in combination with high titres of neutralising anti-
bodies but without any notable effect on their health. Only
a low frequency of the oldest individuals of natural rodent
populations are sometimes antibody-positive but viral
antigen/RNA-negative, probably as a sign of a past and
eventually cleared Hantavirus infection [57, 58].

2.4. Laboratory diagnosis of infection

Since the viraemia in HFRS patients is short-termed
with no more than two-thirds of acute-phase PUUV-
infected patients [59, 54, 60] and about 40% of acute-
phase DOBV-infected patients [61] being positive for viral
RNA in the currently used RT-PCR-assays, laboratory diag-
nosis has to be based on serology. All common serological
methods have been applied for rapid diagnosis of Hantavi-
rus infections, e.g., immunofluorescence assay (IFA),
haemagglutination-inhibition assay (HI), immune adher-
ence hemagglutination assay, complement fixation test

and high-density particle agglutination assay [62–69]. IFA
based on viral antigen from cell culture (usually Vero E6
cells) is the classic and widely used technique for Hantavi-
rus diagnostics. A variant of this methodology is the IFA
IgG-avidity test, which can distinguish between virus-
specific low-avidity antibodies (representing the acute
phase) and virus-specific high-avidity antibodies devel-
oped during the late convalescent phase of the infection
[70].

Highly sensitive and specific IgM and IgG ELISAs have
also been introduced. They employ either native or recom-
binant N proteins as diagnostic antigens [71–75]. Appli-
cation of the N protein for serodiagnosis is optimal since it
induces an early and long-lasting humoral immune
response [76, 72].

IgM detecting methods are important tools for diagnos-
ing acute infections, especially in endemic areas with a
high prevalence of virus-specific IgG due to previous
infections. Furthermore, the majority of Hantavirus
infected patients present IgM antibodies already at the
onset of disease [72, 77, 78]. The IgG response is some-
times delayed; in one group of IgM-positive PUUV patients
approximately 10% had no detectable IgG [79]; in another
group, which included IgM-positive PUUV or DOBV
infected patients, 12% were found IgG-negative [80]. In
rare cases, also the IgM response can be delayed; in a
recent study less than 2% of serum samples drawn within
the first 5 days after onset of symptoms were found to be
PUUV IgM-negative [81]. However, in the same serum
panel, only 65% of the samples drawn within days 1–7
were IgG-positive as determined by IFA. Therefore, the
optimal methodology for a rapid serological diagnosis of
acute Hantavirus infection is based on the detection of
virus-specific IgM.

The µ-capture ELISA, using viral native or recombinant
N antigens, should be preferred because it is superior to
IFA and solid phase IgM in terms of sensitivity, at least
during the early phase of the disease [81, 82]. Follow-up
sera should always be requested, if primary samples were
drawn very early. It should be noted that with these highly
sensitive assays, IgM can be detected in some cases as late
as 2 years after the acute phase of infection [83, 72].

The humoral cross-reactivity between the different Han-
tavirus serotypes is high in humans as well as in rodents,
especially within the HTNV/SEOV/DOBV-, the PUUV/
PHV/TULV/TOPV-, and the SNV/ANDV-like groups. This
has resulted in the conclusion that only two antigens
(HTNV and PUUV) and one antigen (SNV) should be
sufficient for efficient serological diagnosis of human Han-
tavirus infections in Eurasia and in the Americas, respec-
tively. However, the recent awareness of DOBV as an
important human pathogen in large parts of Europe
prompted the development and evaluation of DOBV-
specific serological assays ([75, 84]; our unpublished
observations). The results confirmed the high degree of
antibody cross-reactivity between DOBV and HTNV
antigen-based ELISAs, but also proved the usefulness of
homologous antigen for diagnosis/sero-epidemiology of
DOBV infections; e.g., 7.1% of the DOBV-positive acute-
phase patient samples and 12.5% of the DOBV convales
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cent samples were found negative when examined for
specific IgG against the heterologous HTNV antigen [75].

By immunoblotting, linear epitopes were shown to be
mainly located on the amino-terminal part of the N protein
[85, 86] and a corresponding truncated fragment was
proposed as a diagnostic antigen. However, recent studies
have made it obvious that the complete N protein is a
more sensitive antigen compared to its terminal fragments
[74, 84]. Assays utilised for sero-epidemiological screen-
ings as well as for patient diagnosis should therefore be
based on the complete N protein. During recent years, a
number of recombinant Hantavirus antigens have been
produced. Comparable studies using monoclonal anti-
bodies (mAbs) revealed that all investigated E. coli-
expressed PUUV N recombinants lacked one or two out of
eight B-cell epitopes present in the native protein [73, 85,
87]. In contrast, HTNV, PUUV and DOBV N proteins
expressed in insect cells have been found indistinguish-
able from the native proteins [73, 84, 88, 89]. The use of
E. coli-expressed viral antigens required the serum samples
to be adsorbed to E. coli-extracts to minimise non-specific
reactions [90, 74]. Also, ELISAs based on direct-coating of
crude preparations of native or insect cell-expressed viral
antigens may suffer from non-specific reactions which can
be avoided by the use of a capture-format, in which the
antigen is captured by mAbs ([74]; our unpublished obser-
vations).

ELISA, or other rapid assays such as IFA or immuno-
blotting, which mainly detect antibodies directed against
the immunodominant N protein, can not be used for
serotyping since anti-N antibodies exhibit a more or less
pronounced cross-reactivity between the different Han-
tavirus types. The definite infecting Hantavirus type can
therefore only be determined either by the time- and
labour-consuming neutralisation assays comparing serum
titres to all relevant hantaviruses, or by RT-PCR amplifica-
tion of Hantavirus RNA, followed by sequencing. Recent
results have indicated that assays based on truncated N
proteins may be suitable for differentiation of antibody
responses also to closely related hantaviruses, but further
evaluations are needed [91].

2.5. Risk groups and principles of infection prevention

People in contact with rodents or their excreta are at
risk from Hantavirus infection. There are occupational risk
groups of infection which exhibit higher Hantavirus anti-
body prevalences than control groups. In Germany, for
instance, such risk groups include forest workers, hunters,
employees of horse farms, and muskrat hunters [83]; an
increased seroprevalence was also found in forest workers
in The Netherlands [92] and Slovakia [93]. Other risk
groups include farmers [94, 95], mammalogists [96–98],
animal trappers [92] and soldiers involved in field training
[99]. In case-controlled studies in the USA [100] and in
Belgium [101] peridomestic cleaning of food-storage areas
and animal sheds, agricultural activities such as hand
ploughing, woodcutting, re-opening of non-aerated rooms
and strenuous physical effort have been indicated as high-
risk activities for infection and development of HPS or
HFRS.

Prevention of exposition to rodents and their excreta
reduces the risk of infection. Such efforts should include
the elimination of rodent food sources inside the home,
measures to prevent rodents entering the home as well as
elimination of possible nesting sites and food sources
around the home. When cleaning up potentially rodent-
infested areas and rooms appropriate precautions should
be taken (ventilation of the room before entering, use of
rubber gloves and disinfectant, avoidance of stirring up
and breathing dust). Rodents should be controlled by
traps; use of gloves and masks is recommended during
manipulation of traps and cadavers [37].

Measures of exposition control can reduce the indi-
vidual risk of infection. However, for a more general
prevention of human infections, especially in risk groups,
the development of Hantavirus vaccines will be necessary.

3. Current stage in vaccine development
and antiviral therapy

3.1. Mechanisms of protective immune response
against hantaviruses

For the development of efficient vaccines the knowl-
edge of protective viral components and the mechanisms
involved in the induction of a protective immunity are
important preconditions. In addition, keeping in mind the
potential adverse effects of the induction of infection-
enhancing antibodies [102, 103], the mapping of protec-
tive epitopes is highly important.

In the case of hantaviruses, both humoral and cellular
immunity seem to be involved in protection. As expected
for enveloped viruses, Hantavirus G1 and G2 glycoprotein
derivatives are able to induce virus-neutralising antibodies
in animal models which are sufficient for protection against
a virus challenge (see the following sections). G1- and
G2-specific mAbs have been generated which demon-
strated virus-neutralising activity in vitro [104–108] as
well as in vivo by passive transfer of antibodies and
subsequent virus challenge in animal models ([88, 102];
our unpublished results). In addition, anti-idiotypic anti-
bodies directed against virus-neutralising glycoprotein-
specific antibodies inhibited the viral infection in cell
culture [109].

There is only very limited knowledge available about
the localisation of virus-neutralising epitopes, probably
because of their conformational nature and dependence
on glycosylation. Competition experiments with virus-
neutralising mAbs and DNA vaccination of BALB/c mice
with different partially overlapping segments of SNV-G1
and SNV-G2 (see table II) suggested the presence of sev-
eral virus-neutralising epitopes both in G1 and G2 [104,
106, 110, 111]. Other epitope mapping approaches have
been based on the analysis of virus immune escape mutants
and truncated glycoprotein derivatives and the exploita-
tion of a phage display strategy [112–115].

The first evidence for the role of cytotoxic T lympho-
cytes (CTL) in the elimination of Hantavirus-infected cells
was obtained in BALB/c mice in vivo (adoptive transfer of
spleen cells) and in vitro (chromium release assay)
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[116–118]. The authors suggested that the CTL response
was directed against the N protein [118], which was
confirmed by the protection of an HTNV-infected suckling
mouse against lethal infection by adoptive transfer of a

T-cell enriched fraction from HTNV N protein-immunised
mice [119]. Recently, CD4+ cell reactivities have been
mapped to four distinct regions in the N protein of PUUV
[120].

Table II. Recombinant Hantavirus vaccine approaches.

Construct Animal model Challenge virus Protectiona Reference

VACV- and Sindbis virus-derived live vaccines
VACV-WRb-HTNV-M

hamster

HTNV 5/5

[88]dVACV-Conc-HTNV-M 4/4
VACV-Con-HTNV-G1 (4)/5
VACV-Con-HTNV-G2 3/5
VACV-Con-HTNV-S 2/5 [137]g

VACV-SEOV-M

Mongolian gerbils

SEOV 4/4

[128]eHTNV 4/4
VACV-SEOV-S SEOV 3/4

HTNV 1/3
VACV-Con-HTNV-S+M

hamster
HTNV 13/13

[138, 127]fSEOV 13/13
PUUV 2/13

VACV-Con-HTNV-S+M VACV-naive hamsters HTNV 23/24

[137]gVACV-immune hamsters 23/24
ALVAC-HTNV-M, S+M VACV-naive hamsters HTNV 10–85%
NYVAC- HTNV-M, S+M VACV-immune hamsters
Rep5/SEOV-M hamster SEOV 1/5 [129]h

Recombinant proteins
Bac-HTNV-M

hamster

HTNV 5/5
[88]dBac-HTNV-G1 3/5; (2)/5

Bac-HTNV-G2 1/5; (4)/5
Bac-HTNV-S 5/5 [137]g

Bac-PUUV-N

bank vole

PUUV 8/8

[87]d
E. coli-PUUV-N aa 1–267 3/3
E. coli-PUUV-N aa 1–118 3/3
E. coli-PUUV-N aa 1–79 4/5; (1)/5
E. coli-PUUV-N aa 229–327 2/3

Chimeric HBV core particles
PUUV-N aa 1–45 bank vole PUUV 8/10; (1)/10 [122, 124]d

PUUV-N aa 75–119 1/7; (1)/7 [122, 124]d

PUUV-N aa 1–120 7/8; (1)/8 Koletzki et al., in prep.d

Naked DNA vaccines and Sindbis virus-derived constructs
pWRG/SEOV-M hamsters SEOV 11/11 [144]i

HTNV 3/4 [129]h

pWRG/SEOV-S hamsters SEOV 1/14
SNV-G1 aa 1–167

BALB/c mice –

5/5

[110]j

SNV-G1 aa 265–432 2/5
SNV-G1 aa 399–565 5/5
SNV-G1 aa 486–652 3/5
SNV-G2 aa 1–167 4/5
SNV-G1 aa 134–300 5/5
pSIN2.5/SEOV-M hamsters SEOV 3/5 [129]h

pSIN2.5/SEOV-S 2/8

a Number of protected animals out of total; in parentheses number of partially protected animals.
b Mouse neurotropic strain WR.
c Connaught human vaccine strain.
d Protection measured by the absence of viral antigen in the lungs and Hantavirus-specific antibodies in the serum.
e Protection measured by the inability to re-isolate the challenge virus.
f Protection measured by RT-PCR of lung tissue samples (in the non-vaccinated, HTNV- and PUUV-challenged group one and three animals, respectively,
were RT-PCR negative).
g Protection measured as the absence of viral antigen in the lungs.
h Protection measured as the absence of antibodies in the serum to viral proteins other than the vaccine immunogen.
i Protection measured by undetectable or barely detectable post-challenge anti-N antibody response and PRNT titres that remained essentially unchanged
after SEOV challenge.
j Detection of virus-neutralising antibodies by FRNT at a dilution of 1:10.
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In several animal models, immunisation with N protein-
derived vaccines induced a protective immune response.
As the N protein represents an internal protein of the virus,
a cellular immune response has been favoured as the basis
for providing protection. In line, N-specific mAbs or
N-specific polyclonal antisera did not show any virus-
neutralising activity in vitro. However, passive transfer of
N protein-specific mAbs induced some protection in ani-
mal models ([119, 121]; our unpublished results) which
may be caused by induction of antibody-dependent cyto-
toxic T cells.

The N-terminal region of the N protein of PUUV span-
ning aa 1–118 provided complete protection against a
subsequent PUUV challenge in the bank vole model [87]
(see table II). The major protective region of PUUV N
which induces protection in 80% of the animals immu-
nised could be mapped to aa 1–45 [122]. Interestingly, the
epitope of an in vivo-protective N-specific antibody (1C12)
has been mapped to this region ([123]; our unpublished
observations). Further protective regions were identified
between aa 75–119 [122, 124], aa 166–175 [121] and aa
229–327 [87].

Because of the presence of different Hantavirus sero-
types in distinct geographical regions (see Sections 2.1
and 2.2) a major goal in the vaccine development is to
induce a protective immunity against all relevant sero-
types by the generation of multivalent vaccines. Recently,
the generation of bivalent HTNV/PUUV and HTNV/SEOV
vaccines has been reported [125, 126]. However, the
question whether immunisation with one serotype could
provide cross-protection against other serotypes is not yet
completely evaluated. Immunisation with HTNV seems to
protect, at least in part, against the SEOV serotype and vice
versa [127–129]. In line, cross-reactive CTLs were identi-
fied in the mouse model and immunisation of HTNV- and
SEOV-infected people with an inactivated HTNV vaccine
boosted virus-neutralising antibodies against both viruses
[118, 130]. An inactivated bivalent HTNV/PUUV vaccine
protected hamsters against subsequent HTNV, SEOV,
DOBV and PUUV, but not SNV and NYV, challenge [125].
There are conflicting data about the cross-protection
between more distantly related serotypes. The adoptive
transfer of T lymphocytes from PHV- and PUUV-primed
BALB/c mice to nude mice induced some protection
against HTNV [131] and N-protein specific CTL cell lines
from HTNV-infected humans were demonstrated to be
cross-reactive with distantly related serotypes [44]. In
contrast, HTNV-vaccinated hamsters showed only mar-
ginal protection against PUUV [127].

3.2. Killed and recombinant live vaccines

Classically, live viral vaccines have been generated by
attenuation of viruses by passaging in cell culture or
animal tissues reducing the pathogenicity of the
replication-competent virus vaccine. Although it has been
demonstrated for hantaviruses that cultivation in Vero E6
cells resulted in a loss/decrease of infectivity for rodents
due to alterations in the viral genome [50], until now there
has been no attenuated Hantavirus vaccine available. In
addition, by the development of reverse genetics for
negative-stranded RNA viruses [132, 133] it should be

possible in the future to generate attenuated hantaviruses
with defined alterations/deletions in pathogenicity-related
gene regions.

Several killed Hantavirus vaccines were generated by
inactivation of cell- or rodent brain-passaged hantaviruses
by groups in South and North Korea, China and Japan (see
table III). A few of them are commercially produced and
licensed for human use (Hantavax™ in South Korea, [125];
monovalent HTNV and SEOV vaccines in China [126]). In
general, independently from the inactivation of the virus
by formalin or �-propiolactone and the route of applica-
tion (injection s.c. versus i.m.), after application of three
doses of the inactivated vaccines a general seroconversion
could be observed by IFA, ELISA and/or RPHI in nearly all
vaccinees. In contrast, the induction of virus-neutralising
antibodies was observed in fewer vaccinees; moreover,
the titres of virus-neutralising antibodies were often found
to be low, perhaps due to the destruction of the native
conformation of the viral glycoproteins during the inacti-
vation procedure or due to their low abundance in the
vaccine preparations [134]. There is a necessity to improve
these vaccines with respect to induction of a stronger and
more long-lasting humoral immune response [135]. A
major point in this respect could be the substitution of
aluminium hydroxide, the only adjuvant currently allowed
for human use, by more efficient adjuvants. In mice, the
efficiency of an inactivated candidate SEOV vaccine (strain
B1) could be improved by the adjuvant effect of two
lipophilic derivatives of muramyl dipeptide [136].

The most extensive human trials with an inactivated
HTNV vaccine (more than 1 200 000 people) has been
undertaken in North Korea; a reduced number of HFRS
cases has been observed in vaccinated populations com-
pared with non-vaccinated controls [134]. Since the avail-
ability of the Hantavax™ in 1990, the total number of
hospitalised HFRS patients in South Korea has decreased
from 1 234 cases in 1991 to 687 cases in 1996. The
protective efficacy of this vaccine was confirmed in a
randomised, placebo controlled field study in former Yugo-
slavia [125]. From China, large-scale human trials have
been reported recently, demonstrating a protective effi-
cacy of 94–98% for the inactivated monovalent HTNV
(Z10) and SEOV (L99) vaccines [126].

Although several of the above-described killed virus
vaccines demonstrated promising protection data, there
remain obvious problems concerning their production
and human use. Because of the aerosol transmission,
hantaviruses require high-level safety conditions for han-
dling. The viral yield obtained from virus-infected cell
cultures is quite low. At least in terms of safety and yield,
recombinant subunit Hantavirus vaccines should be able
to solve these problems.

For several hantaviruses recombinant candidate live
vaccines have been generated on the basis of replication-
competent vaccinia viruses or recombinant bacteria
encoding single or various viral proteins. Vaccinia virus
(VACV) recombinants carrying the entire M segments of
HTNV and SEOV induced a complete protective immune
response in the hamster and Mongolian gerbil model
against HTNV and SEOV/HTNV challenge, respectively
(see table II). In contrast, VACV recombinants carrying the
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Table III. Vaccination trials with inactivated Hantavirus vaccines.

Inactivated vaccine
(virus strain)

Vaccine generated in
Protectivity/immune
responses tested in

Human trials

References
Number of vaccinees Delivery

Induction of

Sero-conversion Virus-neutralising
antibodies

HTNV (84/105) suckling ICR mice
brain (suckling SD rat

brain)

striped field mice > 400 s.c., two doses 89–99% (IFA) NA [157]

61 s.c., 1st dose 95.2% 66.7% [125]
2nd dose 91.7% 75%
3rd dose 100% 88.9%

(IFA)

64 i.m., 1st dose 79.7%/62% 13% [135]
2nd dose 96.9%/96.9% 75%
3rd dose 93.8%/100% 50%

(IFA/ELISA)
HTNV (Z10) Mongolian gerbil

kidney cells
rabbits, Mongolian
gerbils, hamsters

> 2 000 three doses NA 90–100% [158, 159, 134]

> 400 three doses 35.7–53.8 NA [160, 134]

48 i.m., 2nd dose 75–100% 42–50% [126]
3rd dose 83–100% 92–100%

(RPHI, IFA, ELISA)
HTNV (LR1) suckling mouse brain rabbits, Mongolian

gerbils
10 i.m., three doses 100% (at least in one

assay: ELISA, RPHI,
C.F., IFA)

NA [161, 159, 134]

200 i.m., two doses 100% (detected by
ELISA, RPHI and

IFA)

100%
(detected by PRNT)

HTNV
(strain not reported)

suckling rat or
hamster brains

NA > 1.2 million NA NA NA [162, 134]

SEOV (R22) suckling mouse brain NA 30 i.m., three doses 100% (detected by
ELISA and RPHI)

100%
(detected by PRNT)

[163, 134]

SEOV (L99) golden hamster kidney
cells

rabbits, Mongolian
gerbils, hamsters

12 i.m., two or three
doses

100% (IFA, ELISA) 100% [164]

107 i.m., three doses NA 97.4-100 % [126]
SEOV (B-1) brain of newborn ICR

mice
BALB/c mice no human trials [165, 136]

HTNV (Z10) + SEOV
(Z5)

Mongolian gerbil
kidney cells

hamsters, rabbits,
Mongolian gerbils

81 i.m. NA 87.6% (HTNV) [126]
96.3% (SEOV)

PUUV (K27) + HTNV
(84/105)

suckling hamster
brain/suckling mouse

brain

hamsters 10 s.c., three doses 100% (HTNV
and PUUV)

100%
(HTNV and PUUV)

[125]

NA, data not available; i.m., intramuscularly; s.c., subcutaneously.
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G1-, G2- or N-encoding sequences permitted protection
only in some of the immunised animals [88, 128, 137].

A VACV recombinant vaccine carrying the S and M
segment of HTNV [138] was tested in a phase I clinical
study demonstrating the immunogenicity and safety of the
recombinant virus. A recent phase II study revealed the
induction of virus-neutralising antibodies in three out of
four of VACV-naive volunteers after two immunisations,
but only in approximately one quarter of VACV-immune
volunteers [139]. Alternative poxvirus-derived vaccines
based on NYVAC, a genetically altered VACV or ALVAC
canarypoxvirus (see table II) were not as effective as VACV
in protecting hamsters, and they have not been pursued for
human use [137].

3.3. Recombinant proteins and virus-like particles

Hantavirus N protein derivatives synthesized by the use
of E. coli and insect cell (baculovirus) expression systems
[87, 88, 119, 137] have proven protective potential (see
table II). In addition, immunisation with insect cell lysates
carrying baculovirus-expressed HTNV glycoproteins G1
and G2 induced different levels of protection against a
subsequent HTNV challenge in the hamster model [88].

Usually monomeric viral proteins and oligopeptides
possess low immunogenicity. This disadvantage of recom-
binant proteins could be overcome by the generation of
virus-like particles (VLPs). VLPs have been obtained for a
series of different viruses by the heterologous expression
and spontaneous self-assembly of viral structural proteins.
Besides their non-infectivity, the main advantage of VLPs
is that they resemble the structural and immunological
properties of the original virus particles. In addition, the
ability of several VLPs to induce a CTL response by an
alternative MHC class I pathway has been demonstrated
(for review see [140]).

Vaccination approaches on the basis of ’autologous’
VLPs have been reported for several viruses; the first
recombinant subunit vaccine licensed for human use is
based on yeast-expressed HBsAg-derived VLPs [140].
However, autologous Hantavirus VLPs based on the het-
erologous co-expression of Hantavirus structural proteins
were produced only at low level [141].

In order to exploit the advantages of VLPs in a candi-
date Hantavirus vaccine we generated chimeric VLPs
based on a self-assembling carrier–Hantavirus fusion pro-
tein. Hepatitis B virus (HBV) core particles tolerated the
insertion of the putative protective regions (aa 1–120) of
PUUV (strain Vranica/Hällnäs), HTNV and DOBV in the
major immunodominant region of the core ([142]; our
unpublished data). Whereas the 120 aa region of PUUV N
presented on core particles provided complete protection
in seven out of eight animals against a PUUV challenge
(our unpublished observations; see table II), the 45 aa
region provided only partial protection in two out of five
animals [124]. Interestingly, the corresponding 45 aa
region of PUUV strain CG18-20 N protein completely
protected 80% of bank voles [122, 124] demonstrating
strain-specific peculiarities in the ability to induce a pro-
tective immune response which obviously could be over-
come by using larger-sized or complete N protein
sequences.

3.4. Nucleic acid vaccines

Nucleic acid vaccines, usually based on plasmid DNA,
have been demonstrated as a promising vaccination strat-
egy for various viral infections (for a review see [143]).
DNA vaccination is based on the introduction of an
antigen-encoding plasmid into the organism directing the
de novo synthesis of the antigen in vivo. This intracellular
expression of the antigen allows the induction of both
humoral and cellular immune responses. DNA vaccina-
tion offers a number of advantages over live and killed
vaccines. DNA vaccines are non-infectious and non-
replicating. They may also provide a long-lasting immu-
nity after a single dose application. Further advantages of
DNA vaccines are their low production costs, their ther-
mostability and the facility of multivalent vaccines.

Gene gun-mediated DNA vaccination with a plasmid
bearing the SEOV M-segment cDNA was reported to
induce a protective immune response in immunised ham-
sters [129, 144] (see table II). In contrast, SEOV-S-
vaccinated hamsters demonstrated only some limitation of
subsequent SEOV infection [129, 144]. Virus-neutralising
antibodies could be induced in BALB/c mice by DNA
vaccination with different SNV G1- and G2-encoding
plasmids [110]. DNA vaccination with PUUV-S induced
an antibody response directed against several linear
epitopes which seems to mimic the antibody response in
PUUV infection [145].

Alternatively, Alphavirus (Sindbis virus) replicons have
been evaluated as new potential Hantavirus vaccine vec-
tors. However, both DNA-based Sindbis replicon and
packaged Sindbis replicon vectors containing either the M
or S genome segment of SEOV only induced a protective
immune response in some hamsters [129] (see table II).

3.5. Antiviral drugs

The only antiviral drug in use against Hantavirus infec-
tions is ribavirin. Ribavirin (1-�-D-ribofuranosyl-1,2,4-
triazole-3-carboxamide) has been described as a broad-
spectrum antiviral agent (for a review see [146]). Ribavirin
has been demonstrated to be effective against a Vero
E6-passaged human HTNV isolate in vitro [147] and
reduced viraemia and case fatality in experimentally
HTNV-infected suckling mice [148]. A prospective, ran-
domised, double-blind, concurrent and placebo-
controlled clinical trial of intravenous ribavirin in 242
confirmed HFRS patients in the People’s Republic of China
revealed a significant reduction in fatality and in the risk of
entering the oligouric phase and of experiencing haemor-
rhage. The only adverse effect of the ribavirin treatment
was the development of a well-recognised anaemia which
was completely reversible after completion of the therapy
[149]. In contrast, a recent study on HPS patients did not
suggest an appreciable drug effect [150].

Pretreatment of Vero E6 cells with human interferons
resulted in a dose-dependent inhibition of HTNV replica-
tion. In line with these data mouse IFN-� inhibited the
replication of HTNV in murine macrophages and increased
the survival rate of HTNV-infected newborn mice [151].
Similar effects were observed with PUUV. The antiviral
effect of interferon is mediated by the induction of the
antiviral MxA protein [152]. Stably MxA-transfected Vero
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E6 cells were able to inhibit both RNA and viral protein
accumulation of PUUV, TULV [153] and HTNV [154].

Other efforts to study directly the inhibition of the
Hantavirus replication by nucleoside analogues or non-
nucleosidic inhibitors will require the development of in
vitro transcription/replication systems or of cells stably
expressing viral RNA polymerase. There is as yet no struc-
tural information about the polymerase available which
would allow a rational structure-based antiviral drug
design. Other antiviral strategies proven to be successful in
vitro for other RNA viruses, such as the use of antisense
nucleic acid sequences, ribozymes or inhibitors of uncoat-
ing or assembly, have not been established for the inhibi-
tion of Hantavirus replication.

4. Outlook

In the future, one can expect extended knowledge on
the geographical distribution of the various hantaviruses,
an improvement in the diagnosis of Hantavirus infections
and more awareness of HFRS and HPS by physicians and
the public. A better understanding of those components of
immune response being important for protection against
Hantavirus infections should enable the design of potent
vaccines. The progress should be accelerated by the estab-
lishment and exploitation of a useful animal model devel-
oping the clinical signs of infection. Human vaccines
should be applied to groups at risk from Hantavirus infec-
tions, as well as inhabitants of epidemiologically high-risk
areas or people at risk through their profession.

Acknowledgments

The collaboration of the authors and the work in their
laboratories was supported by European Commission (con-
tract no. QLK2-1999-01119), Deutsche Forschungsge-
meinschaft (grant no. Kr1293/2), Deutscher Akademischer
Austauschdienst, Swedish Society of Medicine,
Bundesministerium für Bildung und Forschung (grant nos.
LTU 97/002, 00/001) and Swedish Medical Research
Council (grant nos. 12177, 12642).

References

[1] Morse S.S., Schluederberg A., Emerging viruses: the evo-
lution of viruses and viral diseases, J. Infect. Dis. 162
(1990) 1–7.

[2] Lee H.W., Lee P.W., Johnson K.M., Isolation of the etio-
logic agent of Korean hemorrhagic fever, J. Infect. Dis.
137 (1978) 298–308.

[3] Yanagihara R., Gajdusek D.C., Hemorrhagic fever with
renal syndrome: global epidemiology and ecology of han-
tavirus infections, in: de la Maza L.M., Peterson E.M.
(Eds.), Medical Virology VI, Elsevier, Amsterdam, 1987,
pp. 171–214.

[4] Brummer-Korvenkontio M., Vaheri A., Hovi T., von Bons-
dorff C.H., Vuorimies J., Manni T., Penttinen K., Oker-
Blom N., Lähdevirta J., Nephropathia epidemica: detec-
tion of antigen in bank voles and serologic diagnosis of
human infection, J. Infect. Dis. 141 (1980) 131–134.

[5] Rüdisser E., Beobachtungen zur Pathogenese und Aeti-
ologie von Nierenentzündungen im Feldzug im Osten
Winter 1941/42, Münch. Med. Wochenschr. 89 (1942)
863–866.

[6] Stuhlfault K., Bericht über ein neues schlammfieberähnli-
ches Krankheitsbild bei Deutschen Truppen in Lappland,
Dtsch. Med. Wochenschr. 69 (1943) 439–477.

[7] Gajdusek D.C., Virus hemorrhagic fevers, J. Pediatr. 60
(1962) 841–857.

[8] World Health Organization, Haemorrhagic fever with
renal syndrome: memorandum from a WHO meeting,
Bull. WHO 61 (1983) 269–275.

[9] Lee H.W., van der Groen G., Hemorrhagic fever with
renal syndrome, Progr. Med. Virol. 36 (1989) 62–102.

[10] Schmaljohn C.S., Hasty S.E., Dalrymple J.M.,
LeDuc J.W., Lee H.W., von Bonsdorff C.H., Brummer-
Korvenkontio M., Vaheri A., Tsai T.F., Regnery H.L.,
Goldgaber D., Lee P.W., Antigenic and genetic properties
of viruses linked to hemorrhagic fever with renal syn-
drome, Science 227 (1985) 1041–1044.

[11] Nichol S.T., Spiropoulou C.F., Morzunov S., Rollin P.E.,
Ksiazek T.G., Feldmann F., Sanchez A., Childs J., Zaki S.,
Peters C.J., Genetic identification of a hantavirus associ-
ated with an outbreak of acute respiratory illness, Science
262 (1993) 914–917.

[12] Elliott R.M. (Ed.), The Bunyaviridae, Plenum Press, New
York, 1996.

[13] Plyusnin A., Krüger D.H., Lundkvist Å, Hantavirus infec-
tions in Europe, Adv. Virus Res. (2001) in press.

[14] Plyusnin A., Vapalahti O., Vaheri A., Hantaviruses:
genome structure, expression and evolution, J. Gen. Virol.
77 (1996) 2677–2687.

[15] Vapalahti O., Lundkvist Å., Fedorov V., Conroy C.J.,
Hirvonen S., Plyusnina A., Nemirov K., Fredga K.,
Cook J.A., Niemimaa J., et al., Isolation and characteriza-
tion of a hantavirus from Lemmus sibiricus: Evidence for
host switch during hantavirus evolution, J. Virol. 73
(1999) 5586–5592.

[16] Plyusnin A., Morzunov S., Virus evolution and genetic
diversity of hantaviruses and their rodent hosts, Curr. Top.
Microbiol. Immunol. 256 (2001) 47–75.

[17] Meyer B.J., Schmaljohn C.S., Persistent hantavirus infec-
tions: characteristics and mechanisms, Trends Microbiol.
8 (2000) 61–67.

[18] Plyusnin A., Vapalahti O., Lehvaslaiho H., Apekina N.,
Mikhailova T., Gavrilovskaya I., Laakkonen J., Niemi-
maa J., Henttonen H., Brummer-Korvenkontio M., et al.,
Genetic variation of wild Puumala viruses within the
serotype, local rodent populations and individual animal,
Virus Res. 38 (1995) 25–41.

[19] Plyusnin A., Cheng Y., Lehvaslaiho H., Vaheri A., Qua-
sispecies in wild-type Tula hantavirus populations,
J. Virol. 70 (1996) 9060–9063.

Review Krüger et al.

1138 Microbes and Infection
2001, 1129-0



[20] Feuer R., Boone J.D., Netski D., Morzunov S.P., St.
Jeor S.C., Temporal and spatial analysis of Sin Nombre
virus quasispecies in naturally infected rodents, J. Virol.
73 (1999) 9544–9554.

[21] Sibold C., Meisel H., Krüger D.H., Labuda M., Lysy J.,
Kozuch O., Pejcoch M., Vaheri A., Plyusnin A., Recom-
bination in Tula hantavirus evolution: analysis of genetic
lineages from Slovakia, J. Virol. 73 (1999) 667–675.

[22] Henderson W.W., Monroe M.C., St. Jeor S.C.,
Thayer W.P., Rowe J.E., Peters C.J., Nichol S.T., Natu-
rally occurring Sin Nombre virus genetic reassortants,
Virology 214 (1995) 602–610.

[23] Li D., Schmaljohn A.L., Anderson K., Schmaljohn C.S.,
Complete nucleotide sequences of the M and S segments of
two hantavirus isolates from California: Evidence for reas-
sortment in nature among viruses related to hantavirus
pulmonary syndrome, Virology 206 (1995) 973–983.

[24] Rodriguez L.L., Owens J.H., Peters C.J., Nichol S.T.,
Genetic reassortment among viruses causing hantavirus
pulmonary syndrome, Virology 242 (1998) 99–106.

[25] Morzunov S.P., Rowe J.E., Ksiazek T.G., Peters C.J., St.
Jeor S.C., Nichol S.T., Genetic analysis of the diversity and
origin of hantaviruses in Peromyscus leucopus mice in North
America, J. Virol. 72 (1998) 57–64.

[26] Padula P.J., Edelstein A., Miguel S.D.L., López N.M.,
Rossi C.M., Rabinovich R.D., Hantavirus pulmonary syn-
drome outbreak in Argentina: Molecular evidence for
person-to-person transmission of Andes virus, Virology
241 (1998) 323–330.

[27] Sibold C., Ulrich R., Labuda M., Lundkvist Å., Mar-
tens H., Schütt M., Gerke P., Leitmeyer K., Meisel H.,
Krüger D.H., Dobrava hantavirus causes hemorrhagic
fever with renal syndrome (HFRS) in central Europe and is
carried by two different Apodemus mice species, J. Med.
Virol. 63 (2001) 158–167.

[28] Schütt M., Gerke P., Meisel H., Ulrich R., Krüger D.H.,
Clinical characterization of Dobrava hantavirus infections
in Germany, Clin. Nephrol. 55 (2001) 371–374.

[29] Golovljova I., Vasilenko V., Prükk T., Brus Sjölander K.,
Plyusnin A., Lundkvist Å, Puumala and Dobrava hantavi-
ruses causing hemorrhagic fever with renal syndrome in
Estonia, Eur. J. Clin. Microbiol. Infect. Dis. 19 (2000)
968–969.

[30] Plyusnin A., Vapalahti O., Vasilenko V., Henttonen H.,
Vaheri A., Dobrava hantavirus in Estonia: does the virus
exist throughout Europe? Lancet 349 (1997) 1369–1370.

[31] Nemirov K., Vapalahti O., Lundkvist Å., Vasilenko V.,
Golovljova I., Plyusnina A., Niemimaa J., Laakkonen J.,
Henttonen H., Vaheri A., Plyusnin A., Isolation and
characterisation of Dobrava hantavirus carried by the
striped field mouse (Apodemus agrarius) in Estonia, J. Gen.
Virol. 80 (1999) 371–379.

[32] Avsic-Zupanc T., Petrovec M., Furlan P., Kaps R., Elgh F.,
Lundkvist Å., Hemorrhagic fever with renal syndrome in
the Dolenjska region of Slovenia – a 10-year survey, Clin.
Infect. Dis. 28 (1999) 860–865.

[33] Lähdevirta J., Nephropathia epidemica in Finland: A clini-
cal, histological and epidemiological study, Ann. Clin.
Res. 3 (Suppl. 8) (1971).

[34] Settergren B., Nephropathia epidemica (hemorrhagic fever
with renal syndrome) in Scandinavia, Rev. Infect. Dis. 13
(1991) 736–744.

[35] Duchin J.S., Koster F.T., Peters C.J., et al., Hantavirus
pulmonary syndrome: A clinical description of 17 patients
with a newly recognized disease, N. Engl. J. Med. 330
(1994) 949–955.

[36] Kanerva M., Mustonen J., Vaheri A., Pathogenesis of
Puumala and other hantavirus infections, Rev. Med. Virol.
8 (1998) 67–86.

[37] Mertz G.J., Hjelle B.L., Bryan R.T., Hantavirus infection,
Adv. Intern. Med. 42 (1997) 369–421.

[38] Peters C.J., Simpson G.L., Levy H., Spectrum of hantavi-
rus infection: hemorrhagic fever with renal syndrome and
hantavirus pulmonary syndrome, Annu. Rev. Med. 50
(1999) 531–545.

[39] Cosgriff T.M., Mechanisms of disease in hantavirus infec-
tion: pathophysiology of hemorrhagic fever with renal
syndrome, Rev. Infect. Dis. 13 (1991) 97–107.

[40] Hung T., Zhou J., Xia S., He Z., Atlas of hemorrhagic
fever with renal syndrome, Science Press, Beijing, 1988.

[41] Zaki S.R., Greer P.W., Coffield L.M., Goldsmith C.S.,
Nolte K.B., Foucar K., Feddersen R.M., Zumwalt R.E.,
Miller G.L., Khan A.S., et al., Hantavirus pulmonary
syndrome: pathogenesis of an emerging infectious disease,
Am. J. Pathol. 146 (1995) 552–579.

[42] Nolte K.B., Feddersen R.M., Foucar K., Zaki S.R.,
Koster F.T., Madar D., Merlin T.L., McFeeley P.J.,
Umland E.T., Zumwalt R.E., Hantavirus pulmonary syn-
drome in the United States: a pathological description of a
disease caused by a new agent, Hum. Pathol. 26 (1995)
110–120.

[43] Ennis F.A., Cruz J., Spiropoulou C.F., Waite D.,
Peters C.J., Nichol S.T., Kariwa H., Koster F.T., Hantavi-
rus pulmonary syndrome: CD8+ and CD4+ cytotoxic T
lymphocytes to epitopes on Sin Nombre virus nucleo-
capsid protein isolated during acute illness, Virology 238
(1997) 380–390.

[44] Van Epps H.L., Schmaljohn C.S., Ennis F.A., Human
memory cytotoxic T-lymphocyte (CTL) responses to Han-
taan virus infection: identification of virus-specific and
cross-reactive CD8+ CTL epitopes on nucleocapsid pro-
tein, J. Virol. 73 (1999) 5301–5308.

[45] Linderholm M., Ahlm C., Settergren B., Waage A., Tärn-
vik A., Elevated plasma levels of tumor necrosis factor
(TNF)-alpha, soluble TNF receptors, interleukin (IL)-6,
and IL-10 in patients with hemorrhagic fever with renal
syndrome, J. Infect. Dis. 173 (1996) 38–43.

[46] Sidelnikov I.N., Sivoraksha G.A., The participation of
histamine and serotonin in the genesis of acute kidney
failure in patients with hemorrhagic fever with renal
syndrome (in Russian), Urol. Nefrol. Mosk. 4 (1990)
46–48.

[47] Groeneveld P.H., Colson P., Kwappenberg K.M., Clem-
ent J., Increased production of nitric oxide in patients
infected with the European variant of hantavirus, Scand.
J. Infect. Dis. 27 (1995) 453–456.

[48] Isegawa Y., Tanishita O., Ueda S., Yamanishi K., Associa-
tion of serine in position 1124 of Hantaan virus glycopro-
tein with virulence in mice, J. Gen. Virol. 75 (1994)
3273–3278.

Hantavirus infections and their prevention Review

Microbes and Infection
2001, 1129-0

1139



[49] Zhang X.K., Takashima I., Mori F., Hashimoto N., Com-
parison of virulence between two strains of Rattus sero-
type hemorrhagic fever with renal syndrome (HFRS) virus
in newborn rats, Microbiol. Immunol. 33 (1989) 195–205.

[50] Lundkvist Å., Cheng Y., Brus Sjölander K., Niklasson B.,
Vaheri A., Plyusnin A., Cell culture adaptation of Puu-
mala hantavirus changes the infectivity for its natural
reservoir, Clethrionomys glareolus, and leads to accumula-
tion of mutants with altered genomic RNA S segment,
J. Virol. 71 (1997) 9515–9523.

[51] Yanagihara R., Amyx H.L., Lee P.W., Asher D.M.,
Gibbs C.J., Gajdusek D.C., Experimental hantavirus infec-
tion in nonhuman primates, Arch. Virol. 101 (1988)
125–130.

[52] Groen J., Gerding M., Koeman J.P., Roholl P.J., van
Amerongen G., Jordans H.G., Niesters H.G., Oster-
haus A.D., A macaque model for hantavirus infection,
J. Infect. Dis. 172 (1995) 38–44.

[53] Mustonen J., Partanen J., Kanerva M., Pietilä K.,
Vapalahti O., Pasternack A., Vaheri A., Genetic suscepti-
bility to severe course of nephropathia epidemica caused
by Puumala hantavirus, Kidney Int. 49 (1996) 217–221.

[54] Plyusnin A., Hörling J., Kanerva M., Mustonen J.,
Cheng Y., Partanen J., Vapalahti O., Kukkonen S.K.J.,
Niemimaa J., Henttonen H., Niklasson B., Lundkvist Å.,
Vaheri A., Puumala hantavirus genome in patients with
nephropathia epidemica: Correlation of PCR positivity
with HLA haplotype and link to viral sequences in local
rodents, J. Clin. Microbiol. 35 (1997) 1090–1096.

[55] Mustonen J., Partanen J., Kanerva M., Pietilä K.,
Vapalahti O., Pasternack A., Vaheri A., Association of
HLA B27 with benign clinical course of nephropathia
epidemica caused by Puumala hantavirus, Scand. J. Immu-
nol. 47 (1998) 277–279.

[56] Kanerva M., Vaheri A., Mustonen J., Partanen J., High-
producer allele of tumour necrosis factor-alpha is part of
the susceptibility MHC haplotype in severe Puumala
virus-induced nephropathia epidemica, Scand. J. Infect.
Dis. 30 (1998) 532–534.

[57] Hörling J., Lundkvist Å., Plyusnin A., Jaarola M., Tegel-
ström H., Persson K., Lehväslahio H., Hörnfeldt B.,
Vaheri A., Niklasson B., Distribution and genetic hetero-
geneity of Puumala virus in Sweden, J. Gen. Virol. 77
(1996) 2555–2562.

[58] Escutenaire S., Chalon P., Verhagen R., Heyman P., Tho-
mas I., Karelle-Bui L., Avsic-Zupanc T., Lundkvist Å.,
Plyusnin A., Pastoret P., Spatial and temporal dynamics of
hantavirus infection in red bank vole (Clethrionomys glare-
olus) populations in Belgium, Virus Res. 67 (2000)
91–107.

[59] Hörling J., Lundkvist Å., Persson K., Mullart M., Dza-
gurova T., Dekonenko A., Tkachenko E., Niklasson B.,
Detection and subsequent sequencing of Puumala virus
from human specimens by polymerase chain reaction,
J. Clin. Microbiol. 33 (1995) 277–282.

[60] Plyusnin A., Mustonen J., Asikainen K., Plyusnina A.,
Niemimaa J., Henttonen H., Vaheri A., Analysis of Puu-
mala hantavirus genome in patients with nephropathia
epidemica and rodent carriers from the sites of infection,
J. Med. Virol. 59 (1999) 397–405.

[61] Papa A., Johnson A., Stockton P.C., Bowen M.D., Spirop-
oulou C.F., Alexiou-Daniel S., Ksiazek T.G., Nichol S.T.,
Antoniadis A., Retrospective serological and genetic study
of the distribution of hantaviruses in Greece, J. Med.
Virol. 55 (1998) 321–327.

[62] Lee H.W., Lee P.W., Korean hemorrhagic fever with renal
syndrome. I. Demonstration of causative antigen and anti-
bodies, Korean J. Int. Med. 19 (1976) 371.

[63] French G.R., Foulke R.S., Brand O.A., Eddy G.A.,
Lee H.W., Lee P.W., Korean hemorrhagic fever: propaga-
tion of the etiologic agent in a cell line of human origin,
Science 211 (1981) 1046–1048.

[64] Tsai T.F., Tang Y.W., Hu S.L., Ye K.L., Chen G.L.,
Xu Z.Y., Hemagglutination inhibiting antibody in hem-
orrhagic fever with renal syndrome, J. Infect. Dis. 150
(1984) 895–898.

[65] Brummer-Korvenkontio M., Manni T., Ukkonen S.,
Vaheri A., Detection of hemagglutination-inhibiting anti-
bodies in patients with nephropathia epidemica and
Korean hemorrhagic fever by using Puumala virus cell
culture antigen, J. Infect. Dis. 153 (1986) 997–998.

[66] Sugiyama K., Matsuura Y., Morita C., Morikawa S.,
Komatsu T., Shiga S., Akao Y., Kitamura T., Determina-
tion by immune adherence HA of the antigenic relation-
ship between Rattus- and Apodemus-borne viruses causing
hemorrhagic fever with renal syndrome, J. Infect. Dis. 149
(1984) 472.

[67] Sugiyama K., Matsuura Y., Morita C., Shiga S., Akao Y.,
Komatsu T., Kitamura T., An immune adherence assay for
discrimination between etiologic agents of hemorrhagic
fever with renal syndrome, J. Infect. Dis. 149 (1984)
67–73.

[68] Gresikova M., Sekeyova M., A simple method of prepar-
ing a complement-fixing antigen from the virus of hem-
orrhagic fever with renal syndrome (western type), Acta
Virol. 32 (1988) 272–274.

[69] Tomiyama T., Lee H.W., Rapid serodiagnosis of hantavi-
rus infections using high density particle agglutination,
Arch. Virol. Suppl. 1 (1990) 29–33.

[70] Hedman K., Vaheri A., Brummer-Korvenkontio M.,
Rapid diagnosis of hantavirus disease with an IgG-avidity
assay, Lancet 338 (1991) 1353–1356.

[71] Zöller L., Yang S., Gött P., Bautz E.K.F., Darai G., Use of
recombinant nucleocapsid proteins of the Hantaan and
nephropathia epidemica serotypes of hantaviruses as
immunodiagnostic agents, J. Med. Virol. 39 (1993)
200–207.

[72] Lundkvist Å., Hörling J., Niklasson B., The humoral
response to Puumala virus infection (nephropathia epi-
demica) investigated by viral protein specific immunoas-
says, Arch. Virol. 130 (1993) 121–130.

[73] Vapalahti O., Lundkvist Å., Kallio-Kokko H.,
Paukku K., Julkunen I., Lankinen H., Vaheri A., Anti-
genic properties and diagnostic potential of Puumala virus
nucleocapsid protein expressed in insect cells, J. Clin.
Microbiol. 34 (1996) 119–125.

Review Krüger et al.

1140 Microbes and Infection
2001, 1129-0



[74] Brus Sjölander K., Elgh F., Kallio-Kokko H.,
Vapalahti O., Hägglund M., Palmcrantz V., Juto P.,
Vaheri A., Niklasson B., Lundkvist Å., Evaluation of
serological methods for diagnosis of Puumala hantavirus
infection (nephropathia epidemica), J. Clin. Microbiol. 35
(1997) 3264–3268.

[75] Brus Sjölander K., Lundkvist Å., Dobrava virus infection:
Serological diagnosis and cross-reactions to other hantavi-
ruses, J. Virol. Meth. 80 (1999) 137–143.

[76] Zöller L., Scholz J., Stohwasser R., Giebel L.B.,
Sethi K.K., Bautz E.K.F., Darai G., Immunoblot analysis
of the serological response in Hantavirus infections,
J. Med. Virol. 27 (1989) 231–237.

[77] LeDuc J.W., Ksiazek T.G., Rossi C.A., Dalrymple J.M., A
retrospective analysis of sera collected by the Hemorrhagic
Fever Commission during the Korean conflict, J. Infect.
Dis. 162 (1990) 1182–1184.

[78] Groen J., Dalrymple J., Fisher Hoch S., Jordans J.G.,
Clement J.P., Osterhaus A.D., Serum antibodies to struc-
tural proteins of Hantavirus arise at different times after
infection, J. Med. Virol. 37 (1992) 283–287.

[79] Lundkvist Å., Björsten S., Niklasson B., Ahlborg N.,
Mapping of B-cell determinants in the nucleocapsid pro-
tein of Puumala virus; definition of epitopes specific for
acute IgG recognition in humans, Clin. Diagn. Lab.
Immunol. 2 (1995) 82–86.

[80] Lundkvist Å., Hukic M., Hörling J., Gilljam M.,
Nichol S., Niklasson B., Puumala and Dobrava viruses
cause hemorrhagic fever with renal syndrome in Bosnia-
Herzegovina: Evidence of highly cross-neutralizing anti-
body responses in early patient sera, J. Med. Virol. 53
(1997) 51–59.

[81] Kallio-Kokko H., Vapalahti O., Lundkvist Å., Vaheri A.,
Evaluation of Puumala virus IgG and IgM enzyme immu-
noassays based on recombinant baculovirus expressed
nucleocapsid protein for early nephropathia epidemica
diagnosis, Clin. Diag. Virol. 10 (1998) 83–90.

[82] Zöller L., Yang S., Gött P., Bautz E.K.F., Darai G., A novel
µ-capture EIA based on recombinant proteins for sensitive
and specific diagnosis of hemorrhagic fever with renal
syndrome, J. Clin. Microbiol. 31 (1993) 1194–1199.

[83] Zöller L., Faulde M., Meisel H., Ruh B., Kimmig P.,
Schelling U., Zeier M., Kulzer P., Becker C., Roggen-
dorf M., Bautz E.K.F., Krüger D.H., Darai G., Seropreva-
lence of hantavirus antibodies in Germany as determined
by a new recombinant enzyme immunoassay, Eur. J. Clin.
Microbiol. Infect. Dis. 14 (1995) 305–313.

[84] Kallio-Kokko H., Lundkvist Å., Plyusnin A., Avsic-
Zupanc T., Vaheri A., Vapalahti O., Antigenic properties
and diagnostic potential of recombinant Dobrava virus
nucleocapsid protein, J. Med. Virol. 61 (2000) 266–274.

[85] Elgh F., Lundkvist Å., Alexeyev O.A., Wadell G., Juto P.,
A major antigenic domain for the human humoral response
to Puumala virus nucleocapsid protein is located at the
amino-terminus, J. Virol. Methods 59 (1996) 161–172.

[86] Gött P., Zöller L., Darai G., Bautz E.K.F., A major anti-
genic domain of Hantaviruses is located on the amino-
proximal site of the viral nucleocapsid protein, Virus
Genes 14 (1997) 31–40.

[87] Lundkvist Å., Kallio-Kokko H., Brus Sjölander K., Lanki-
nen H., Niklasson B., Vaheri A., Vapalahti O., Character-
ization of Puumala virus nucleocapsid protein: Identifica-
tion of B-cell epitopes and domains involved in protective
immunity, Virology 216 (1996) 397–406.

[88] Schmaljohn C.S., Chu Y.K., Schmaljohn A.L., Dal-
rymple J.M., Antigenic subunits of Hantaan virus
expressed by baculovirus and vaccinia virus recombinants,
J. Virol. 64 (1990) 3162–3170.

[89] Brus Sjölander K., Golovljova I., Plyusnin A., Lund-
kvist Å., Diagnostic potential of Puumala virus nucleo-
capsid protein expressed in Drosophila melanogaster cells,
J. Clin. Microbiol. 38 (2000) 2324–2329.

[90] Elgh F., Linderholm M., Wadell G., Juto P., The clinical
usefulness of a Puumala virus recombinant nucleocapsid
protein based enzyme-linked immunosorbent assay in the
diagnosis of nephropathia epidemica as compared with an
immunofluorescence assay, Clin. Diag. Virol. 6 (1996)
17–26.

[91] Morii M., Yoshimatsu K., Arikawa J., Zhou G.Z.,
Kariwa H., Takashima I., Antigenic characterization of
Hantaan and Seoul virus nucleocapsid proteins expressed
by recombinant baculovirus: application of a truncated
protein, lacking an antigenic region common to the two
viruses, as a serotyping antigen, J. Clin. Microbiol. 36
(1998) 2514–2521.

[92] Groen J., Gerding M.N., Jordans J.G., Clement J.P.,
Nieuwenhuijs J.H., Osterhaus A.D., Hantavirus infec-
tions in The Netherlands: epidemiology and disease, Epi-
demiol. Infect. 114 (1995) 373–383.

[93] Sibold C., Meisel H., Lundkvist Å., Schulz A., Cifire F.,
Ulrich R., Kozuch O., Labuda M., Krüger D.H., Simul-
taneous occurrence of Dobrava, Puumala, and Tula han-
taviruses in Slovakia, Am. J. Trop. Med. Hyg. 61 (1999)
409–411.

[94] Ahlm C., Thelin A., Elgh F., Juto P., Stiernstrom E.L.,
Holmberg S., Tarnvik A., Prevalence of antibodies specific
to Puumala virus among farmers in Sweden, Scand.
J. Work Environ. Health 24 (1998) 104–108.

[95] Vapalahti K., Paunio M., Brummer-Korvenkontio M.,
Vaheri A., Vapalahti O., Puumala virus infections in
Finland: increased occupational risk for farmers, Am.
J. Epidemiol. 149 (1999) 1142–1151.

[96] Nuti M., Amaddeo D., Autorino G.L., Crovatto M., Cru-
cil C., Ghionni A., Giommi M., Salvati F., Santini G.F.,
Seroprevalence of antibodies to hantaviruses and lepto-
spires in selected Italian population groups, Eur. J. Epide-
miol. 8 (1992) 98–102.

[97] Vapalahti O., Plyusnin A., Vaheri A., Henttonen H.,
Hantavirus antibodies in European mammalogists, Lancet
345 (1995) 1569.

[98] Lundkvist Å., Vapalahti O., Henttonen H., Vaheri A.,
Plyusnin A., Hantavirus infections among mammalogists
studied by focus reduction neutralization test, Eur. J. Clin.
Microbiol. Infect. Dis. 19 (2000) 802–803.

[99] Niklasson B., Jonsson M., Widegren I., Persson K.,
LeDuc J., A study of nephropathia epidemica among
military personnel in Sweden, Res. Virol. 143 (1992)
211–214.

Hantavirus infections and their prevention Review

Microbes and Infection
2001, 1129-0

1141



[100] Zeitz P.S., Butler J.C., Cheek J.E., Samuel M.C.,
Childs J.E., Shands L.A., Turner R.E., Voorhees R.E.,
Sarisky J., Rollin P.E., et al., A case-controlled study of
hantavirus pulmonary syndrome during an outbreak in
the southwestern United States, J. Infect. Dis. 171 (1995)
864–870.

[101] Van Look F., Thomas I., Clement J., Ghoos S., Colson P., A
case-controlled study after a hantavirus infection outbreak
in the South of Belgium: who is at risk? Clin. Infect. Dis.
28 (1999) 834–839.

[102] Arikawa J., Yao J.S., Yoshimatsu K., Takashima I., Hash-
imoto N., Protective role of antigenic sites on the envelope
protein of Hantaan virus defined by monoclonal antibod-
ies, Arch. Virol. 126 (1992) 271–281.

[103] Yao J.S., Kariwa H., Takashima I., Yoshimatsu K.,
Arikawa J., Hashimoto N., Antibody-dependent enhance-
ment of hantavirus infection in macrophage cell lines,
Arch. Virol. 122 (1992) 107–118.

[104] Arikawa J., Schmaljohn A.L., Dalrymple J.M., Schmal-
john C.S., Characterization of Hantaan virus envelope
glycoprotein antigenic determinants defined by mono-
clonal antibodies, J. Gen. Virol. 70 (1989) 615–624.

[105] Ruo S.L., Sanchez A., Elliott L.H., Brammer L.S., McCor-
mick J.B., Fisher-Hoch S.P., Monoclonal antibodies to
three strains of hantaviruses: Hantaan, R22, and Puumala,
Arch. Virol. 119 (1991) 1–11.

[106] Lundkvist Å., Niklasson B., Bank vole monoclonal anti-
bodies against Puumala virus envelope glycoproteins:
identification of epitopes involved in neutralization, Arch.
Virol. 126 (1992) 93–105.

[107] Lundkvist Å., Hörling J., Athlin L., Rosen A., Niklas-
son B., Neutralizing human monoclonal antibodies against
Puumala virus, causative agent of nephropathia epidemica:
a novel method using antigen-coated magnetic beads for
specific B cell isolation, J. Gen. Virol. 74 (1993)
1303–1310.

[108] Chu Y.K., Rossi C., LeDuc J.W., Lee H.W., Schmal-
john C.S., Dalrymple J.M., Serological relationships
among viruses in the Hantavirus genus, family Bunyaviri-
dae, Virology 198 (1994) 196–204.

[109] Lundkvist Å., Scholander C., Niklasson B., Anti-idiotype
antibodies against Puumala virus glycoprotein-specific
monoclonal antibodies inhibit virus infection in cell cul-
tures, Arch. Virol. 132 (1993) 255–265.

[110] Bharadwaj M., Lyons C.R., Wortman I.A., Hjelle B.,
Intramuscular inoculation of Sin Nombre hantavirus
cDNAs induces cellular and humoral immune response in
BALBc mice, Vaccine 17 (1999) 2836–2843.

[111] de Carvalho Nicacio C., Lundkvist Å., Brus Sjölander K.,
Plyusnin A., Salonen E.M., Björling E., A neutralizing
recombinant human antibody Fab fragment against Puu-
mala hantavirus, J. Med. Virol. 60 (2000) 446–454.

[112] Wang M., Pennock D.G., Spik K.W., Schmaljohn C.S.,
Epitope mapping studies with neutralizing and non-
neutralizing antibodies to the G1 and G2 envelope glyco-
proteins of Hantaan virus, Virology 197 (1993) 757–766.

[113] Hörling J., Lundkvist Å., Single amino acid substitutions
in Puumala virus envelope glycoproteins G1 and G2
eliminate important neutralization epitopes, Virus Res.
48 (1997) 89–100.

[114] Heiskanen T., Lundkvist Å., Vaheri A., Lankinen H.,
Phage-displayed peptide targeting on the Puumala han-
tavirus neutralization site, J. Virol. 71 (1997) 3879–3885.

[115] Heiskanen T., Lundkvist Å., Soliymani R., Koivunen E.,
Vaheri A., Lankinen H., Phage-displayed peptides mim-
icking the discontinous neutralization sites of Puumala
hantavirus envelope glycoproteins, Virology 262 (1999)
321–332.

[116] Nakamura T., Yanagihara R., Gibbs C.J., Gajdusek D.C.,
Immune spleen cell-mediated protection against fatal
Hantaan virus infection in infant mice, J. Infect. Dis. 151
(1985) 691–697.

[117] Asada H., Tamura M., Kondo K., Okuno Y., Takahashi Y.,
Dohi Y., Nagai T., Kurata T., Yamanishi K., Role of T
lymphocyte subsets in protection and recovery from Han-
taan virus infection in mice, J. Gen. Virol. 68 (1987)
1961–1969.

[118] Asada H., Tamura M., Kondo K., Dohi Y., Yamanishi K.,
Cell-mediated immunity to virus causing haemorrhagic
fever with renal syndrome: generation of cytotoxic T
lymphocytes, J. Gen. Virol. 69 (1988) 2179–2188.

[119] Yoshimatsu K., Yoo Y.C., Yoshida R., Ishihara C.,
Azuma I., Arikawa J., Protective immunity of Hantaan
virus nucleocapsid and envelope protein studied using
baculovirus-expressed proteins, Arch. Virol. 130 (1993)
365–376.

[120] de Carvalho Nicacio C., Sällberg M., Hultgren C., Lund-
kvist Å., T-helper and humoral responses to Puumala
hantavirus nucleocapsid protein: Identification of T-helper
epitopes in a mouse model, J. Gen. Virol. 82 (2001)
129–138.

[121] Yoshimatsu K., Arikawa J., Tamura M., Yoshida R., Lun-
dkvist Å., Niklasson A., Niklasson B., Kariwa H.,
Azuma I., Characterization of the nucleocapsid protein of
Hantaan virus strain 76-118 using monoclonal antibod-
ies, J. Gen. Virol. 77 (1996) 695–704.

[122] Ulrich R., Lundkvist Å., Meisel H., Koletzki D., Brus
Sjölander K., Gelderblom H.R., Borisova G., Schnit-
zler P., Darai G., Krüger D.H., Chimaeric HBV core
particles carrying a defined segment of Puumala hantavi-
rus nucleocapsid protein evoke protective immunity in an
animal model, Vaccine 16 (1998) 272–280.

[123] Lundkvist Å., Fatouros A., Niklasson B., Antigenic varia-
tion of European haemorrhagic fever with renal syndrome
virus strains characterized using bank vole monoclonal
antibodies, J. Gen. Virol. 72 (1991) 2097–2103.

[124] Koletzki D., Lundkvist Å, Brus Sjölander K., Gelder-
blom H.R., Niedrig M., Meisel H., Krüger D.H.,
Ulrich R., Puumala (PUU) hantavirus strain differences
and insertion positions in the hepatitis B virus core anti-
gen influence B-cell immunogenicity and protective
potential of core-derived particles, Virology 276 (2000)
364–375.

[125] Lee H.W., Chu Y.K., Woo Y.D., An C.N., Kim H.,
Tkachenko E., Gligic A., Vaccines against hemorrhagic
fever with renal syndrome, in: Saluzzo J.F., Dodet B.
(Eds.), Factors in the Emergence and Control of Rodent-
Borne Viral Diseases (Hantaviral and Arenaviral Diseases),
Elsevier, Amsterdam, 1999, pp. 147–156.

Review Krüger et al.

1142 Microbes and Infection
2001, 1129-0



[126] Yongxin Y., Zhu Z., Yao Z., Dong G., Inactivated cell-
culture Hantavirus vaccine developed in China, in:
Saluzzo J.F., Dodet B. (Eds.), Factors in the Emergence
and Control of Rodent-Borne Viral Diseases (Hantaviral
and Arenaviral Diseases), Elsevier, Amsterdam, 1999,
pp. 157–161.

[127] Chu Y.K., Jennings G.B., Schmaljohn C.S., A vaccinia
virus-vectored Hantaan virus vaccine protects hamsters
from challenge with Hantaan and Seoul viruses but not
Puumala virus, J. Virol. 69 (1995) 6417–6423.

[128] Xu X., Ruo S.L., McCormick J.B., Fisher-Hoch S.P.,
Immunity to hantavirus challenge in Meriones unguiculatus
induced by vaccinia-vectored viral proteins, Am. J. Trop.
Med. Hyg. 47 (1992) 397–404.

[129] Kamrud K.I., Hooper J.W., Elgh F., Schmaljohn C.S.,
Comparison of the protective efficacy of naked DNA,
DNA-based Sindbis replicon and packaged Sindbis repli-
con vectors expressing hantavirus structural genes in ham-
sters, Virology 263 (1999) 209–219.

[130] Lu Q., Zhu Z., Weng J., Immune responses to inactivated
vaccine in people naturally infected with hantaviruses,
J. Med. Virol. 49 (1996) 333–335.

[131] Asada H., Balachandra K., Tamura M., Kondo K., Yaman-
ishi K., Cross-reactive immunity among different sero-
types of virus causing haemorrhagic fever with renal syn-
drome, J. Gen. Virol. 70 (1989) 819–825.

[132] Bridgen A., Elliott R.M., Rescue of a segmented negative-
strand RNA virus entirely from cloned complementary
DNAs, Proc. Natl. Acad. Sci. USA 93 (1996)
15400–15404.

[133] Palese P., Zheng H., Engelhardt O.G., Pleschka S., Gar-
cia-Sastre A., Negative-strand RNA viruses: genetic engi-
neering and applications, Proc. Natl. Acad. Sci. USA 93
(1996) 11354–11358.

[134] Schmaljohn C., Prospects for vaccines to control viruses in
the family Bunyaviridae, Rev. Med. Virol. 4 (1994)
185–196.

[135] Cho H.W., Howard C.R., Antibody responses in humans
to an inactivated hantavirus vaccine (Hantavax R), Vac-
cine 17 (1999) 2569–2575.

[136] Yoo Y.C., Yoshimatsu K., Koike Y., Hatsuse R., Yaman-
ishi K., Tanishita O., Arikawa J., Azuma I., Adjuvant
activity of muramyl dipeptide derivatives to enhance
immunogenicity of a hantavirus-inactivated vaccine, Vac-
cine 16 (1998) 216–224.

[137] Schmaljohn C., Kamrud K., Hooper J., Recombinant
DNA vaccines for hantaviruses, in: Saluzzo J.F., Dodet B.
(Eds.), Factors in the Emergence and Control of Rodent-
Borne Viral Diseases (Hantaviral and Arenaviral Diseases),
Elsevier, Amsterdam, 1999, pp. 163–173.

[138] Schmaljohn C.S., Hasty S.E., Dalrymple J.M., Prepara-
tion of candidate vaccinia-vectored vaccines for haemor-
rhagic fever with renal syndrome, Vaccine 10 (1992)
10–13.

[139] McClain D.J., Summers P.L., Harrison S.A., Schmal-
john A.L., Schmaljohn C.S., Clinical evaluation of a
vaccinia-vectored Hantaan virus vaccine, J. Med. Virol. 60
(2000) 77–85.

[140] Ulrich R., Nassal M., Meisel H., Krüger D.H., Core
particles of hepatitis B virus as carrier for foreign epitopes,
Adv. Virus Res. 50 (1998) 141–182.

[141] Betenbaugh M., Yu M., Kuehl K., White J., Pennock D.,
Spik K., Schmaljohn C., Nucleocapsid- and virus-like
particles assemble in cells infected with recombinant bacu-
loviruses or vaccinia viruses expressing the M and S seg-
ments of Hantaan virus, Virus Res. 38 (1995) 111–124.

[142] Koletzki D., Biel S.S., Meisel H., Nugel E., Gelder-
blom H.R., Krüger D.H., Ulrich R., HBV core particles
allow the insertion and surface exposure of the entire
potentially protective region of Puumala hantavirus
nucleocapsid protein, Biol. Chem. 380 (1999) 325–333.

[143] Davis H.L., McCluskie M.J., DNA vaccines for viral dis-
eases, Microbes Infect. 1 (1999) 7–23.

[144] Hooper J.W., Kamrud K.I., Elgh F., Custer D., Schmal-
john C.S., DNA vaccination with hantavirus M segments
elicits neutralizing antibodies and protects against Seoul
virus infection, Virology 255 (1999) 269–278.

[145] Koletzki D., Schirmbeck R., Lundkvist Å., Meisel H.,
Krüger D.H., Ulrich R., DNA vaccination of mice with a
plasmid encoding Puumala hantavirus nucleocapsid pro-
tein mimicks the B-cell response induced by virus infec-
tion, J. Biotechnol. 84 (2000) 73–78.

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

[147] Kirsi J.J., North J.A., McKernan P.A., Murray B.K.,
Canonico P.G., Huggins J.W., Srivastava P.C., Rob-
ins R.K., Broad-spectrum antiviral activity of 2-ß-D-
ribofuranosylselenazole-4-carboxamide, a new antiviral
agent, Antimicrob. Agents Chemother. 24 (1983)
353–361.

[148] Huggins J.W., Kim G.R., Brand O.M., McKee K.T.,
Ribavirin therapy for Hantaan virus infection in suckling
mice, J. Infect. Dis. 153 (1986) 489–497.

[149] Huggins J.W., Hsiang C.M., Cosgriff T.M., Guang M.Y.,
Smith J.I., Wu Z.O., LeDuc J.W., Zheng Z.M., Mee-
gan J.M., Wang Q.N., Oland D.D., Gui X.E., Gibs P.H.,
Yuan G.H., Zhang T.M., Prospective, double-blind, con-
current, placebo-controlled clinical trial of intravenous
ribavirin therapy of hemorrhagic fever with renal syn-
drome, J. Infect. Dis. 164 (1991) 1119–1127.

[150] Chapman L.E., Mertz G.J., Peters C.J., Jolson H.M.,
Khan A.S., Ksiazek T.G., Koster F.T., Baum K.F.,
Rollin P.E., Pavia A.T., et al., Intravenous ribavirin for
hantavirus pulmonary syndrome: safety and tolerance dur-
ing 1 year of open-label experience, Ribavirin Study
Group, Antivir. Ther. 4 (1999) 211–219.

[151] Tamura M., Asada H., Kondo K., Takahashi M., Yaman-
ishi K., Effects of human and murine interferons against
hemorrhagic fever with renal syndrome (HFRS) virus
(Hantaan virus), Antiviral Res. 8 (1987) 171–178.

[152] Temonen M., Lankinen H., Vapalahti O., Ronni T.,
Julkunen I., Vaheri A., Effect of interferon-α and cell
differentiation on Puumala virus infection in human
monocyte/macrophages, Virology 206 (1995) 8–15.

[153] Kanerva M., Melen K., Vaheri A., Julkunen I., Inhibition
of Puumala and Tula hantaviruses in Vero cells by MxA
protein, Virology 224 (1996) 55–62.

[154] Frese M., Kochs G., Feldmann H., Hertkorn C.,
Haller O., Inhibition of bunyaviruses, phleboviruses, and
hantaviruses by human MxA protein, J. Virol. 70 (1996)
915–923.

Hantavirus infections and their prevention Review

Microbes and Infection
2001, 1129-0

1143



[155] Young J.C., Mills J.N., Enria D.A., Dolan N.E.,
Khan A.S., Ksiazek T.G., New World hantaviruses, Br.
Med. Bull. 54 (1998) 659–673.

[156] Avsic-Zupanc T., Nemirov K., Petrovec M., Trilar T.,
Poljak M., Vaheri A., Plyusnin A., Genetic analysis of
wild-type Dobrava hantavirus in Slovenia: co-existence of
two distinct genetic lineages within the same natural
focus, J. Gen. Virol. 81 (2000) 1747–1755.

[157] Lee H.W., An C.N., Song J.W., Baek L.J., Seo T.J., Field
trial of an inactivated vaccine against hemorrhagic fever
with renal syndrome in humans, Arch. Virol. Suppl. 1
(1990) 35–47.

[158] Zhu Z., Yu Y., Zeng R., The investigation on the use of the
inactivated epidemic hemorrhagic fever tissue culture vac-
cine in humans, 2nd International Conference on Haemor-
rhagic Fever with Renal Syndrome, Beijing, China, 1992,
p. 105.

[159] Yu Y., Yiao X., Dong G., Comparative studies of the
immunogenicity of different types of HFRS inactivated
vaccines made in China, JEHFRS Bull 3 (1989) 65–68.

[160] Wang M., Li L., Sun C., Zeng R., Zhu Z., Zhao B., A field
study on the use of inactivated vaccine against epidemic
hemorrhagic fever, 2nd International Conference on Haem-
orrhagic Fever with Renal Syndrome, Beijing, China,
1992, p. 106.

[161] Sun Z., Yu Y., Wang W., Wang D., Studies on the purified
inactivated epidemic hemorrhagic fever (EHF) vaccine.
IX: clinical trial of type I EHF vaccine in volunteers, 2nd

International Conference on Haemorrhagic Fever with
Renal Syndrome, Beijing, China, 1992, pp. 109–110.

[162] Kim R.J., Ryu C., Kim G.M., Epidemiological study on
the preventive effect of the inactivated vaccine against
HFRS in D.P.R. Korea, 2nd International Conference on
Haemorrhagic Fever with Renal Syndrome, Beijing,
China, 1992, p. 102.

[163] Sun Z., Wang W., Sheng Y., Studies on the purified
inactivated epidemic hemorrhagic fever (EHF) vaccine. X:
Clinical trial of type II EHF vaccine, 2nd International
Conference on Haemorrhagic Fever with Renal Syndrome,
Beijing, China, 1992, pp. 111–112.

[164] Song G., Huang Y.C., Hang C.S., Hao F.Y., Li D.X.,
Zheng X.L., Liu W.M., Li S.L., Huo Z.W., Huei L.J., et
al., Preliminary human trial of inactivated golden hamster
kidney cell (GHKC) vaccine against haemorrhagic fever
with renal syndrome (HFRS), Vaccine 10 (1992) 214–216.

[165] Yamanishi K., Tanishita O., Tamura M., Asada H.,
Kondo K., Takagi M., Yoshida I., Konobe T., Fukai K.,
Development of inactivated vaccine against virus causing
haemorrhagic fever with renal syndrome, Vaccine 6 (1988)
278–282.

Review Krüger et al.

1144 Microbes and Infection
2001, 1129-1144


	Hantavirus infections and their prevention
	Introduction
	VirusNhost interactions
	Hantaviruses and their rodent reservoirs
	Human diseases: HRFS and HPS
	Virus- and host-dependent pathogenesis
	Laboratory diagnosis of infection
	Risk groups and principles of infection prevention

	Current stage in vaccine development and antiviral therapy
	Mechanisms of protective immune responseagainst hantaviruses
	Killed and recombinant live vaccines
	Recombinant proteins and virus-like particles
	Nucleic acid vaccines
	Antiviral drugs

	Outlook
	Acknowledgmements
	References


