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a b s t r a c t

Puumala virus (PUUV) causes an acute hemorrhagic fever with renal syndrome (HFRS), a zoonosis also
called nephropathia epidemica (NE). The reservoir host of PUUV is the bank vole (Myodes glareolus).
Herein we review the main clinical manifestations of NE, acute kidney injury, increased vascular perme-
ability, coagulation abnormalities as well as pulmonary, cardiac, central nervous system and ocular man-
ifestations of the disease. Several biomarkers of disease severity have recently been discovered:
interleukin-6, pentraxin-3, C-reactive protein, indoleamine 2,3-dioxygenase, cell-free DNA, soluble uroki-
nase-type plasminogen activator, GATA-3 and Mac-2 binding protein. The role of cytokines, vascular
endothelial growth hormone, complement, bradykinin, cellular immune response and other mechanisms
in the pathogenesis of NE as well as host genetic factors will be discussed. Finally therapeutic aspects and
directions for further research will be handled.
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1. Introduction

Hantaviruses circulate in a variety of rodent species across Eur-
asia, occasionally spreading to humans to cause an illness known
as hemorrhagic fever with renal syndrome (HFRS), characterized
by fever, increased vascular permeability, coagulation defects and
acute kidney injury (AKI) (Vaheri et al., 2013b). Severe forms of
HFRS caused by Hantaan and Dobrava virus occur in the Far East
and in southeastern Europe, while Puumala virus (PUUV) produces
a milder disease, nephropathia epidemica (NE) in the Scandinavian
countries and other areas of Northern, Eastern and Central Europe.
Finland has the highest incidence of recognized cases of NE, with
thousands of cases occurring annually, and the case fatality rate
of up to 0.4%. No vaccine or specific therapy is available for the
disease.

Research on the pathogenesis of NE has been limited by the
inability of investigators to reproduce the features of the disease
in laboratory animals. However, human clinical studies are now
shedding light on its underlying mechanisms and suggesting spe-
cific countermeasures to reduce the severity of illness. In this pa-
per, we review current understanding of the pathogenesis of NE
and identify gaps in the knowledge that should be targets for fu-
ture research. We first present basic information on hantaviruses,
their rodent reservoirs and routes of transmission to humans. We
then summarize the clinical features of NE and biomarkers of dis-
ease severity, review the major pathophysiologic mechanisms,
focusing in particular on the role of innate and adaptive immune
responses in producing vascular leakage, coagulation defects and
other features of illness. In the concluding section, we discuss cur-
rent therapeutic approaches, and focus on the need to develop new
treatments that block or neutralize deleterious host responses to
infection.
2. Hantaviruses and their reservoir hosts

Puumala virus (PUUV) is a member of the Hantavirus genus in
the family of Bunyaviridae. Hantaviruses are enveloped viruses
(diameter about 120 nm) with a single-stranded RNA genome di-
vided in three segments. They are called L (large) encoding the
RNA polymerase, M (medium) encoding the two glycoproteins
Gn and Gc, and S (small) encoding the nucleocapsid protein N
(Hepojoki et al., 2012). In some hantaviruses, including PUUV, a
nonstructural protein NSs is found, which can function as a weak
interferon inhibitor (Jääskeläinen et al., 2007) but may have other
functions as well (Rönnberg et al., 2012). The reservoir host of
PUUV is the bank vole (Myodes glareolus), which is common in Eur-
ope. Humans get infected from inhaled aerosols of bank vole excre-
ta and secreta (urine, feces, saliva), typically in human dwellings
such as woodsheds, summer cottages, barns and cowsheds (Vaheri
et al., 2013a; Vapalahti et al., 2003). PUUV is quite stable and may
remain infective for two weeks at room temperature (Kallio et al.,
2006) and presumably for more time at colder temperatures. PUUV
is not transmitted from human-to-human but probably occasion-
ally via platelets or other blood products (Sinisalo et al., 2010). Risk
factors to catch PUUV infection include forestry, farming, camping,
summer cottages, heating with wood, crises, military activity, male
gender and cigarette smoking (Van Loock et al., 1999; Vapalahti
et al., 2010).

In the Nordic countries PUUV is the only hantavirus causing
HFRS while in central and eastern Europe there are also hantavi-
ruses carried by Apodemus agrarius mice (Kurkino and Saaremaa
viruses), and A. flavicollis and A. ponticus mice (Dobrava and Sochi
viruses) (Klempa et al., 2013). Rats carrying Seoul virus have been
detected also in Europe (Heyman et al., 2011). However, PUUV is
by far the most common pathogen, although Dobrava and Sochi
infections have considerably higher case-fatality rates. The highest
number of human PUUV infections in Europe is reported from Fin-
land; the record was in the year 2008 when 3259 cases were diag-
nosed. PUUV infections are also quite common in Northern
Sweden, the Ardennes regions of Belgium and Northern France,
in Southwestern Germany and some parts of European Russia
(Vaheri et al., 2013a). PUUV infections are widely distributed in
Europe with the exception of the far north and the Mediterranean
regions (Heyman et al., 2011).

The underlying causes of varying epidemiological patterns dif-
fer among regions: in western and central Europe epidemics of
HFRS caused by PUUV infections follow mast years with increased
seed production by beech and oak trees followed by increased ro-
dent reproduction. In these regions human infections have a ma-
jor peak in the summer and a minor peak in January–March
(Heyman et al., 2001; Tersago et al., 2011). In the northern re-
gions, hantavirus infections and HFRS epidemics occur in three
to four year cycles and are thought to be driven by prey-predator
interactions (Olsson et al., 2010). In Northern Europe most cases
occur from late autumn to winter and in August 3–5 weeks after
the summer holidays. Notably while Myodes glareolus is found in
large parts of Europe excluding much of Mediterranean regions
and the northernmost areas, human PUUV infections have not
been detected in e.g. British Isles or Southern Sweden. This may
be partly due to lack of diagnostics and the fact that HFRS is
not a recognized entity by the local medical community (Vaheri
et al., 2013a). While PUUV can experimentally infect rodents, a
disease closely mimicking HFRS develops only in Cynomolgus ma-
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caques (Groen et al., 1995; Klingström et al., 2002; Sironen et al.,
2008).

3. Nephropathia epidemica

3.1. Clinical syndrome

3.1.1. General features of illness
Classically, PUUV-induced NE occurs in five distinct phases: feb-

rile, hypotensive, oliguric, polyuric and convalescent phases
(Table 1). Typical laboratory findings during acute phase are ane-
mia (sometimes high hemoglobin reflecting hemoconcentration),
leukocytosis, thrombocytopenia (low platelet count), elevated liver
enzymes and serum creatinine (depressed renal function), as well
as proteinuria and hematuria (Vapalahti et al., 2003). The clinical
course of NE infection is usually mild and favorable. The case-fatal-
ity rate is very low ranging from less than 0.1% in Finland
(Brummer-Korvenkontio et al., 1999; Makary et al., 2010) to 0.4%
in Sweden (Hjertqvist et al., 2010). In some cases, however, severe
complications occur (Vaheri et al., 2013a) (Table 1). Recovery after
NE is usually complete without any sequelae. Several long-term
consequences, however, have been described (Vaheri et al.,
2013a). Most commonly reported are the development of hyper-
tension, hypopituitarism and cardiovascular diseases (CVDs).

3.1.2. Acute kidney injury
Renal involvement in acute NE include transient proteinuria,

microscopic hematuria, and oliguric AKI followed by polyuria and
recovery (Lähdevirta, 1971). Transient hemodialysis treatment is
needed by up to 6% of hospital-treated patients (Braun et al.,
2010; Mustonen et al., 1994a; Settergren et al., 1989).

An abrupt decline in glomerular filtration rate (GFR) is com-
monly observed among hospitalized NE patients. Effective renal
plasma flow is decreased, and filtration fraction increased
(Ala-Houhala et al., 2002; Settergren et al., 1990). The fall in sys-
temic blood pressure does not explain these functional changes,
since renal failure may occur without hypotension and blood pres-
sure levels do not correlate with the severity of AKI. Intrarenal
events are suggested to play an important role in the development
of AKI (Cosgriff, 1991).

Proteinuria in NE begins abruptly and can be massive. Protein-
uria is non-selective (Cosgriff, 1991), indicating a defective glomer-
ular barrier (Ala-Houhala et al., 2002). Concomitant urinary loss of
low-molecular-weight proteins such as b2-microglobulin (Cosgriff,
1991; Settergren et al., 1990) and a1-microglobulin (Ala-Houhala
et al., 2002) indicates that tubular injury also contributes to the
proteinuria.

The characteristic renal histopathological finding in PUUV-in-
duced AKI is acute tubulointerstitial nephritis (Fig. 1a). Infiltrating
cells include lymphocytes, plasma cells, monocytes, macrophages
and polymorphonuclear leukocytes (Collan et al., 1991; Mustonen
et al., 1994b; Temonen et al., 1996). Histological findings associate
Table 1
Typical clinical phases, symptoms and complications of Puumala hantavirus induced NE.

Phase of illness Febrile Hypotensive Oliguric

Time of occurrence 1–7 days 1–3 days 2–7 days
Principal features Fever Hypotension Urine ou
Signs and symptoms Headache

Vomiting
Abdominal pains
Back pains
Visual disturbances

Capillary leakage
Pulmonary symptoms

Anuria (u
Fluid ret

Complications Acute encephalomyelitis, Bleedings, Multiorgan failure, Need
Pulmonary edema, Shock, Lethal outcome
with the clinical severity of AKI but not with the amount of pro-
teinuria (Mustonen et al., 1994b). Medullary hemorrhages are
found in 20–60% of acute-phase biopsies (Fig. 1b) (Collan et al.,
1991; Mustonen et al., 1994b). This finding links the renal damage
to the hemorrhagic abnormalities. Abnormal renal ultrasound and
magnetic resonance findings, such as enlargement of the kidneys,
are common during the acute phase of NE, but the findings are
not specific and have only limited value in assessing the clinical
severity of the disease (Paakkala and Mustonen, 2007).

Hantaviruses can infect tubular epithelial cells, glomerular
endothelial cells and podocytes of human kidney, and disrupt
cell-to-cell contacts in all of these cell types (Krautkrämer et al.,
2011, 2013). This is suggested to decrease the barrier functions
of the kidney, and therefore to be the direct cause of proteinuria
(Krautkrämer et al., 2011). Hantaviruses replicate predominantly
in endothelial cells of capillaries, but there seems to be little if
any cytopathic effects to the infected endothelium (Kanerva
et al., 1998a; Vaheri et al., 2013a). The absence of obvious endothe-
lial damage suggests that barrier breakdown is caused directly by
infection and/or by the release of cytokines rather than by endo-
thelial cell death. This is corroborated by the increased expression
of cytokines in the peritubular areas in biopsy specimens of in-
fected kidneys (Temonen et al., 1996) and by the correlation of uri-
nary excretion of interleukin-6 with the amount of proteinuria (e.g.
severity of damage) (Mäkelä et al., 2004).

3.1.3. Increased vascular permeability
Pathological changes in hantavirus infections are characterized

by increased capillary permeability in the affected organs (Cosgriff,
1991; Kanerva et al., 1998a; Zaki et al., 1995). Increased capillary
permeability and vascular leakage explain many signs and symp-
toms in hantavirus infections, such as hemoconcentration, hypo-
tension and shock, abdominal pains due to retroperitoneal
edema, and pleural effusion (Cosgriff, 1991; Kanerva et al.,
1998a). Pulmonary edema, which is a typical finding in hantavirus
cardiopulmonary syndrome (HCPS) but a rare complication in
PUUV infection, is also accounted for vascular leakage. The exact
pathogenetic mechanisms behind this central phenomenon in han-
tavirus infections are currently largely unknown. The endothelium
of the small vessels in various organs is the primary target in han-
tavirus infection (Kanerva et al., 1998a; Zaki et al., 1995) (see
above). However, as there does not appear to be widespread cyto-
pathic effects to the endothelial cells, host immune or inflamma-
tory mechanisms are probably important in the development of
capillary leakage (Cosgriff, 1991; Kanerva et al., 1998a).

3.1.4. Coagulopathy, thrombocytopenia and hemorrhage
Thrombocytopenia is encountered in the majority of patients

with NE. The platelet count nadir is typically around 100 (�109/
l), occurs 4–5 days after the onset of fever and usually normalizes
within 7 days from the onset of initial symptoms (Braun et al.,
2010; Lähdevirta, 1971; Mustonen et al., 1994a; Settergren et al.,
Polyuric Convalescence

1–2 weeks 2–8 weeks
tput decreased Urine output increased
rine output < 100 ml/day)

ention
Weight decrease Weakness

Fatigue

of dialysis, Perimyocarditis, Pituitary hemorrhage, Glomerulonephritis



Fig. 1. A renal biopsy sample obtained during the acute phase of PUUV infection reveals interstitial edema and a mild inflammatory cell infiltrate associated with tubular
epithelial necrosis (arrows) and flattening (arrowheads), and distended lumina (asterix) (a) (hematoxylin and eosin staining). Hemorrhage in corticomedullary junction (b)
(Masson’s trichrome staining). The pictures are provided by Professor Heikki Helin, Helsinki University Hospital, Finland.
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1989; Sundberg et al., 2011). In one study thrombocytopenia ap-
peared predictive of a severe course of AKI (Rasche et al., 2004).

The bleeding manifestations in NE usually remain mild. Pete-
chiae and epistaxis are the most commonly reported clinical bleed-
ing symptoms (12% and 11–21%, respectively). Conjunctival
bleeding, metrorrhagia, macroscopic hematuria, melena and
hematemesis occur as well (Lähdevirta, 1971; Settergren et al.,
1989). Interestingly, hemorrhagic gastropathy was observed in all
10 consecutive patients in whom gastroscopy was carried out in
the acute phase of the disease (Nuutinen et al., 1992). Hemorrhage
in the pituitary gland has been detected both by MRI (Hautala
et al., 2002) and in autopsy (Hautala et al., 2002; Valtonen et al.,
1995). In fatal cases hemorrhage has been documented in the kid-
neys and other organs; heart, liver, lungs and peritoneal cavity
(Valtonen et al., 1995).

Decreased platelet count is the most frequently observed
abnormality in the coagulation profile during acute hantavirus
infection. So far, the evidence does not imply deficient platelet pro-
duction. Bone marrow examination has disclosed an increase in the
number and size of megakaryocytes and active formation of plate-
lets from the megakaryocytes during Hantaan virus-infection (Lee,
1987). A previous Finnish report of bone marrow aspirations taken
during acute NE included five patients and the findings consisted of
plasma cell reaction together with increased megakaryocyte for-
mation and immature megakaryocytes (Lähdevirta, 1971). In order
to investigate the platelet production less invasive methods, such
as an assessment of platelet volume, should be applied.

Recent studies support the idea of increased platelet consump-
tion as a mechanism of thrombocytopenia observed in acute han-
tavirus infection. A 24-fold increase in D-dimer was noted in our
study of patients with NE (Laine et al., 2010). Thrombin formation
was not proportionate to fibrinolysis, as the increase in F1 + 2 level
was only 3-fold. Other procoagulant changes observed during the
acute phase of the disease include the diminished activities of
the natural anticoagulants antithrombin, protein C and protein S
free antigen (Laine et al., 2010). Since only few or minor bleeding
problems have been noted, these procoagulant changes are likely
to contribute to the maintenance of hemostasis. Genetic polymor-
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phism of plasminogen activator inhibitor (PAI-1), the main physio-
logical regulator of plasminogen activators and fibrinolysis, associ-
ates with the severity of AKI in NE (Laine et al., 2012). However,
there are no published data on the plasma levels and role of PAI-
1 in hantavirus infections.

Disseminated intravascular coagulopathy (DIC) has tradition-
ally been considered common during acute hantavirus infection
(Cosgriff, 1991; Lee, 1987), but the diagnostic criteria applied vary
considerably. As for PUUV, a Swedish study of 106 patients re-
ported 28% of the patients to meet the criteria for overt DIC based
on the modified scoring system of the International Society of
Thrombosis and Haemostasis (ISTH) (Sundberg et al., 2011). In line
with that is our recent report of 26% incidence of DIC according to
the ISTH score during NE (Laine et al., 2010). The Swedish study
also reported three patients having a radiologically verified throm-
bosis (Sundberg et al., 2011), a finding very rarely being described
in NE patients. In that study, the ISTH score for DIC seemed to pro-
vide a clinical tool for predicting a severe disease when fibrinogen/
C-reactive protein (CRP)-ratio was included in the scoring model
(Sundberg et al., 2011).

Endothelial activation is thought to play a role in the pathogen-
esis of hantavirus infection (Cosgriff, 1991) and endothelial cell in-
jury may contribute to the increase of thrombin formation and
fibrinolysis and increased platelet consumption during NE (Laine
et al., 2011; Lippi et al., 2008). Von Willebrand factor (VWF), fibrin-
ogen and fibronectin are all adhesive platelet ligands related to
endothelial function with altered plasma levels during acute
PUUV-infection, a finding that might be interpreted as a sign of
endothelial cell injury promoting thrombin formation and platelet
activation with granule release (Laine et al., 2011). Interestingly,
the increase in coagulation factor VIII (FVIII) level does not quite
follow VWF levels during acute PUUV infection. This might, again,
be explained by increased thrombin formation as FVIII degrades
rapidly after release from its carrier molecule VWF by the action
of thrombin (Sadler, 1998). FVIII could also bind to platelet-derived
microparticles stimulated by thrombin or the complement protein
C5b-9 (Gilbert et al., 1991; Wiedmer et al., 1986), both being in-
creased during PUUV-infection (Laine et al., 2010; Sane et al.,
2012). The finding of modestly reduced ADAMTS13 level (an en-
zyme specifically involved in the cleavage of high-molecular-
weight VWF) (Laine et al., 2011) further indicates the role for
endothelial injury in the pathogenesis of enhanced coagulation,
fibrinolysis and platelet consumption in NE. Since hemolysis and
thrombotic occlusions in the arterioles are, however, not typical
findings of PUUV-infection, the mechanism of thrombocytopenia
might not be consistent with that encountered in thrombotic
microangiopathies.

There are no reports on platelet function tests performed during
acute NE. In Hantaan virus infection, there are some data implying
decreased platelet aggregation and release (Lee, 1987; Xiang et al.,
1990). In addition to platelet dysfunction, the ‘‘exhausted platelet
syndrome’’ (the continued circulation of platelets, that have al-
ready been activated) and uremia have been suggested to have
some role in bleeding tendency observed during acute hantavirus
infection (Cosgriff, 1991). The interaction between hantaviruses,
platelets and endothelial cells has been discussed by Gavrilovskaya
and coworkers (2010) based on their observation of hantaviruses
binding quiescent platelets via b3-integrin and platelets then bind-
ing to the endothelial cell. The platelet layer on the infected endo-
thelial cells may alter cellular immune responses, platelet
activation and endothelial cell functions (Gavrilovskaya et al.,
2010).

Recently we observed that the spleen measured by magnetic
resonance imaging (MRI) is clearly enlarged during acute NE
(Koskela et al., 2013, abstract P4-7 of IX International Conference
on HFRS, HPS & Hantaviruses, June 5–7, 2013, Beijing, China).
The degree of enlargement, however, did not associate with the
minimal platelet count and the concept of increased platelet
destruction in the spleen as a major mechanism of thrombocytope-
nia is thus not supported.
3.1.5. Other clinical manifestations
Pulmonary, cardiac, endocrinological, central nervous system

and ocular findings are also important manifestations of NE.
Abnormal findings on chest radiographs have been reported in

16–35% of patients with hospital-treated NE (Kanerva et al.,
1996; Linderholm et al., 1992; Lähdevirta, 1971; Mustonen et al.,
1994a; Paakkala and Mustonen, 2007). Pleural effusion, atelectasis,
and interstitial infiltration are the most common X-ray findings
(Kanerva et al., 1996). Radiological pulmonary manifestations
associate with the degree of AKI and fluid volume overload, as well
as with leukocytosis and thrombocytopenia (Kanerva et al., 1996;
Paakkala and Mustonen, 2007). The endobronchial mucosal biop-
sies from patients with NE have revealed increased numbers of
CD8+ T cells in both epithelium and submucosa, along with an in-
crease in submucosal CD4+ T cells indicating a local immune re-
sponse (Rasmuson et al., 2011b). Cytotoxic lymphocytes are
suggested to be involved in the pathogenesis of pulmonary
involvement in NE (Rasmuson et al., 2011b). PUUV antigen has
been detected in lung capillary vascular endothelium and in
bronchoalveolar lavage fluid of NE patients (Gizzi et al., 2013;
Rasmuson et al., 2011a). Complement activation during the acute
stage of the disease may also contribute to the pathogenesis of
vascular leakage in the lungs (Sane et al., 2012) (see above).

Occasional cases of clinical myocarditis have been reported in
NE (Lähdevirta, 1971; Mustonen et al., 1994a; Puljiz et al., 2005;
Valtonen et al., 1995). Transient and unspecific alterations in elec-
trocardiography are common findings (Mäkelä et al., 2009; Puljiz
et al., 2005). AKI with fluid retention, abnormal plasma electrolyte
levels, fever, and cytokine release are possible pathogenetic mech-
anisms for the myocardial involvement (Mäkelä et al., 2009). IL-6
has been suggested to be important in inhibiting cardiac function
(Jonsson et al., 2010). In our previous study, impaired left ventric-
ular contraction in echocardiography was also observed in some
patients implying functional abnormality (Mäkelä et al., 2009).
Hantaviral antigen has been detected in the cardiac endothelium
in association with a typical histological myocarditis in cases with
fatal HCPS (Saggioro et al., 2007). The structural changes, thus,
might be responsible for myocardial depression at least in HCPS.

There are case reports of pituitary hemorrhages and hypopitu-
itarism in patients with NE (Forslund et al., 1992; Hautala et al.,
2010, 2002; Settergren et al., 1992; Valtonen et al., 1995). Hor-
monal abnormalities of the gonadal and/or thyroid axis are present
in more than half of the patients during the acute phase (Mäkelä
et al., 2010). Recent studies have also revealed that patients who
had apparently recovered from HFRS may be at high risk of devel-
oping hypopituitarism (Mäkelä et al., 2010; Stojanovic et al., 2008).
The acute-phase hormonal alterations of central origin associate
with the severity of AKI and the degree of inflammation, but the
chronic hormonal defects cannot be predicted by the severity of
acute disease (Mäkelä et al., 2010). The increased vascular perme-
ability and release of pro-inflammatory cytokines during the acute
infection, as well as the tight interaction between the immune and
endocrine systems could be involved in the pathogenesis of the
hormonal defects (Mäkelä et al., 2010). PUUV antigen has been de-
tected in hypophyseal neuroendocrine and endothelial cells of a
patient with fatal NE (Hautala et al., 2002). It is, thus, possible that
this PUUV invasion during the acute phase of the illness could in-
jure the neuroendocrine cells, e.g. through inflammatory mecha-
nisms, and consequently in some patients lead to a slowly
developing hormonal deficiency.
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Central nervous system (CNS)-related symptoms are usual in
acute PUUV infection (Alexeyev and Morozov, 1995; Bergmann
et al., 2002; Hautala et al., 2002, 2010, 2011b, 2013; Launes and
Hautanen, 1988; Toivanen et al., 2002). Typical manifestations in-
clude headache, insomnia, as well as somnolence, dizziness, rest-
lessness, anxiety, and amnesia. Young male patients have an
elevated risk for serious CNS complications (Hautala et al.,
2011b). Cerebrospinal fluid analysis show positive PUUV immuno-
globulin M, elevated protein level, or leukocyte count in half of the
samples obtained during infection (Hautala et al., 2010). It thus
seems possible that CNS symptoms are attributable to true infec-
tion of the CNS rather than increased tissue permeability.

Ocular symptoms and disturbances are common in NE, and the
symmetry of the ocular changes reflects the systemic nature of the
disease (Hautala et al., 2011a). A decrease in intraocular pressure
and myopic shift mainly due to thickening of the lens are evident
in acute disease (Hautala et al., 2011a). The level of systemic
inflammation rather than CNS involvement appears to account
for the ocular changes during acute PUUV infection, and the sever-
ity of AKI may also have a significant role (Hautala et al., 2012). An
osmotic process in the vitreous may explain the increase in vitre-
ous volume and osmotic changes the increase in the thickness of
the lens (Eckerle et al., 2012).
3.1.6. Resolution of infection, convalescence and sequelae
Patients mostly experience a total recovery after NE. The conva-

lescence phase usually lasts for some weeks (Table 1). It was re-
cently reported that viremia in PUUV infection can last up to
three to four weeks (Korva et al., 2013; Pettersson et al., 2013).
Well-controlled prospective clinical and epidemiological studies
are needed to find out the possible role of PUUV infection in the
development of hypertension (Miettinen et al., 2006; Mäkelä
et al., 2000), CVDs (Connolly-Andersen et al., 2013) or chronic
endocrinological abnormalities (Mäkelä et al., 2010).
3.2. Diagnostic methods

In humans PUUV has a 2–6 week incubation period. The level of
viremia in PUUV infection, as judged by the detection of PUUV
RNA, is considerably lower than in the more severe hantavirus
infection (Hantaan, Dobrava, Sin Nombre, Andes) (Korva et al.,
2013; Pettersson et al., 2013). Nevertheless, also in PUUV-HFRS
RT-PCR usually detects viral RNA in the circulation of patients pro-
vided that early enough samples (within the first seven days after
the onset of symptoms) are available. Both traditional nested and
real-time RT-PCRs have been used to detect viremia in the patients
Table 2
The associations of different elevated biomarkers with acute kidney injury, thrombocytop

AKI Thrombocytopenia

CRP Protective No
IL-6 Yes Yes
PTX3 Yes Yes
IDO Yes No
cf-DNA No Yes
suPAR Yes Yes
GATA-3 Yes NS

AKI = acute kidney injury.
CRP = C-reactive protein.
IL-6 = interleukin-6.
PTX3 = pentraxin-3.
IDO = indoleamine 2,3-dioxygenase.
cf-DNA = cell-free DNA.
suPAR = soluble urokinase-type plasminogen activator receptor.
NS = not studied.
* Reflects the overall severity of the disease.
(Vaheri et al., 2008). An early high viral load may predict unfavor-
able outcome in Dobrava and Sin Nombre virus infections (Saksida
et al., 2008; Terajima et al., 1999) but possibly not in PUUV infec-
tion (Pettersson et al., 2013). RT-PCR appears to be a useful tool for
the early diagnosis. Notably, hantaviral RNA can be demonstrated
before IgM-response and thus also provides the possibility of geno-
typing the infecting hantavirus (Evander et al., 2007).

The first clinical diagnostic test was indirect immunofluores-
cence assay (IFA) based on acetone-fixed tissue sections of
PUUV-infected bank voles. The adaptation of PUUV to Vero E6 cells
in the early 1980s represented a major advance, also for diagnos-
tics. Many laboratories still use IFA on PUUV-infected Vero E6 cells.
Antibodies to PUUV N and glycoproteins are regularly seen in the
course of PUUV infection. N protein is the immunodominant pro-
tein, especially during the acute stage, and gives a granular pattern
in IFA and antibodies of both IgM and IgG classes are present as a
rule in the first serum sample taken but in 2–4% of PUUV infec-
tions, seroconversion may take up to 5 days after onset of illness.
Antibodies to the glycoproteins develop somewhat later and give
a diffuse pattern in IFA. IgM-IFA cannot be recommended since it
is subject to false positives due to interference by rheumatoid fac-
tor (for Refs. see Vaheri et al., 2008). Most laboratories today use
PUUV-IgM enzyme immunoassay based on recombinant N protein
(Elgh et al., 1997; Sjölander et al., 1997; Vapalahti et al., 1996).
Immunochromatographic rapid tests have been developed for
detection of PUUV IgM antibodies and are commercially available
from Reagena Ltd (Hujakka et al., 2003). Although antibodies have
been raised experimentally both to the L protein and the NSs pro-
tein, there are no studies to indicate that antibodies to them appear
in human hantavirus infections. A low PUUV-specific IgG-response
was recently found to associate with a more severe clinical course
of NE (Pettersson et al., 2013).

Based on seroprevalence and numbers of diagnosed PUUV
infections it has been estimated that only 30% of PUUV-infected
individuals manifest with such severe symptoms that the patient
seeks medical care and the physician sends a serum sample for
diagnosis (Brummer-Korvenkontio et al., 1999). Thus, a large pro-
portion of infections are clinically mild and even subclinical cases
have been described (Clement et al., 1996).
3.3. Biomarkers of disease severity

Several immunoinflammatory markers have been shown to
serve as indicators of the severity or some other characteristics
of NE. However, because the detailed pathogenic mechanisms of
the disease are not understood, it is unclear to what extent the
enia and the length of hospital stay in Puumala hantavirus infection.

Length of hospitalization* Reference

No Outinen et al. (2010)
Yes Outinen et al. (2010)
Yes Outinen et al. (2012b)
Yes Outinen et al. (2011)
Yes Outinen et al. (2012a)
Yes Outinen et al. (2013)
NS Libraty et al. (2012)
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marker concentrations reflect the inflammatory activation that
aims at eliminating the virus and to what extent the elevation is
due to the response to tissue damage. Nevertheless, even though
the production of immunoinflammatory mediators is often co-reg-
ulated, it appears that different markers can reflect different
immunopathogenic aspects of the disease. Associations between
certain biomarkers and clinical findings observed in Finnish NE pa-
tients are shown in Table 2.

3.3.1. Interleukin 6
Interleukin-6 (IL-6) is a pleiotropic cytokine that is produced by

various immune cells, endothelial cells and fibroblasts upon infec-
tion or trauma (Kishimoto et al., 1995). It induces the production of
acute phase reactants by the liver and expands the inflammatory
responses by activating T cells and promoting the differentiation
of B cells (Kishimoto et al., 1995). In addition to being involved
in microbial immune responses, high production of IL-6 has been
attributed to acute and chronic conditions, such as AKI
(Himmelfarb et al., 2004), CVDs (Danesh et al., 2008), and various
autoimmune diseases (Ishihara and Hirano, 2002). Although IL-6
is typically considered to be a proinflammatory cytokine with
potentially harmful effects, it has also vital anti-inflammatory
functions in stimulating the synthesis of anti-inflammatory
cytokines and limiting inflammation. For example, in septic shock,
IL-6 has been shown to suppress acute neutrophil accumulation
induced by intratracheal endotoxin administration (Ulich et al.,
1991).

High plasma IL-6 level associates with severe AKI in NE
(Linderholm et al., 1996; Outinen et al., 2010). Urinary IL-6 excre-
tion, in turn, correlates with urinary albumin excretion (Mäkelä
et al., 2004). However, urinary IL-6 excretion does not correlate
with the plasma IL-6 level indicating that local IL-6 production
possibly takes place in the kidneys (Mäkelä et al., 2004). High plas-
ma IL-6 levels also associate with a more severe thrombocytopenia
in NE patients (Outinen et al., 2010; Takala et al., 2000). Further-
more, plasma IL-6 levels predict the overall clinical severity of
PUUV infection and thus, can be used as a marker of the severity
of the disease (Outinen et al., 2010).

3.3.2. Pentraxin-3
Pentraxin-3 (PTX3) acts as a soluble pattern recognition recep-

tor (PRR) participating in the innate host defense against certain
bacteria and fungi (Daigo and Hamakubo, 2012). Besides mediating
inflammatory activation, PTX3 can act as a negative feedback reg-
ulator, limiting excessive neutrophil recruitment (Deban et al.,
2010). Unlike CRP, PTX3 is produced locally at the site of inflamma-
tion; the main producers are dendritic cells (DCs), neutrophils,
mononuclear phagocytes, vascular endothelial and smooth muscle
cells and fibroblasts (Daigo and Hamakubo, 2012). Intriguingly,
PTX3 has been demonstrated to possess direct antiviral activity
against human and murine cytomegalovirus (Bozza et al., 2006)
and influenza viruses (Reading et al., 2008). Moreover, protective
role of PTX3 has been observed in murine hepatitis virus-induced
acute lung injury (Han et al., 2012), and in mouse models of myo-
cardial infarction (Salio et al., 2008), and in atherosclerosis (Norata
et al., 2009).

In PUUV infection, plasma PTX3 levels are elevated during the
acute phase (Outinen et al., 2012b). High PTX3 level associates
with a clinically severe course of the disease judged e.g. by the
severity of AKI, thrombocytopenia and the length of hospitalization
(Outinen et al., 2012b). Most of all, high PTX3 level predicts signif-
icant thrombocytopenia. PTX3 level also correlates with the activa-
tion of the complement system in NE (Outinen et al., 2012b). These
findings have brought up the possibility that PTX3 is involved in
the pathogenesis of thrombocytopenia in PUUV infection through
the complement cascade interacting with the coagulation system
and leading to platelet consumption. On the other hand, plasma
PTX3 determinations offer a potential diagnostic tool for assessing
the severity and outcome of acute PUUV infection.

3.3.3. CRP
C-reactive protein (CRP) is a prototype acute phase reactant and

is produced mainly by the liver in response to IL-6. CRP has the
ability to activate complement via the classic pathway and facili-
tate the functions of phagocytic cells; hence, it serves as an opsonin
for infectious agents and damaged cells. CRP levels rise rapidly,
even up to 1000-fold, in various conditions such as infections,
inflammatory diseases, trauma and myocardial infarction
(Volanakis, 2001). In clinical routine, CRP assessment has been
shown to have a predictive value in various acute and inflamma-
tory conditions and it can also be used to discriminate between
bacterial and viral infections; viral infections typically display low-
er CRP levels compared to invasive bacterial infections (ten Oever
et al., 2012). Current data on the potential protective role of CRP
in inflammatory conditions are limited to its role in the clearance
of debris and infectious agents – a process that is vital for prevent-
ing autoimmune reactions (Szalai, 2004).

Plasma CRP is elevated in almost all patients with NE
(Settergren et al., 1989). However, the level does not associate with
the severity of the disease (Outinen et al., 2010). In contrast, high
CRP is a possible protective factor against AKI in NE (Outinen
et al., 2010). High CRP could reduce deposition and increase clear-
ance of immune complexes in the renal cortex and thus help in
preserving kidney function. Nevertheless, in evaluating the sever-
ity of acute PUUV infection, CRP level is not informative.

3.3.4. Indoleamine 2,3-dioxygenase
Indoleamine 2,3-dioxygenase (IDO) is an interferon-induced,

tryptophan-catabolizing enzyme that is produced by DCs, macro-
phages, B cells and endothelial cells. Although tryptophan starva-
tion by IDO was initially considered a mechanism of local innate
host defense against infections, it is now known that via mecha-
nisms involving the activation of regulatory T cells, IDO limits tis-
sue inflammation and autoimmunity. Likewise, IDO can dampen
excessive immune reactivity to chronic infections and cancer
(Munn and Mellor, 2013). In infectious diseases, IDO possesses a
dualistic role. It can directly downmodulate bacterial replication
or attenuate progression of a viral infection, but it can also sup-
press the necessary host immune responses. For example, in mice
infected with influenza virus, IDO expression during the infection
modifies the inflammatory response in a way that predisposes
the animals to a secondary bacterial infection (van der Sluijs
et al., 2006).

Serum IDO levels are elevated in acute NE (Outinen et al., 2011).
High levels are associated with increased disease severity and
especially with the severity of AKI (Outinen et al., 2011). Whether
IDO is just a marker of severe disease in NE, or has a pathogenetic
role in it, is not known. However, it is possible that IDO is involved
in the pathogenesis of AKI. It has been demonstrated that increased
IDO activity promotes tubular epithelial cell (TEC) apoptosis and
inhibition of IDO enhances TEC survival (Mohib et al., 2007). IDO
could promote AKI in PUUV infection by inducing TEC apoptosis.
Another possibility is that by inducing immunosuppression
through T cell suppression and apoptosis, IDO enhances the
infection.

3.3.5. Cell-free DNA
Circulating plasma cell-free DNA (cf-DNA) has recently emerged

as a novel marker of the extent of damage in conditions involving
cellular death. cf-DNA is most likely released from apoptotic and
necrotic cells, although active secretion by living cells has also
been proposed as a source of cf-DNA (Wagner, 2012). Markedly in-
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creased cf-DNA levels have been reported in patients with acute
CVD, trauma and sepsis (Huttunen et al., 2011a; Wagner, 2012),
whereas moderately elevated concentrations have been attributed
to autoimmune diseases (Wagner, 2012) and very old individuals
(Jylhävä et al., 2013). In contrast to the other immunoinflammatory
markers described above, elevation of cf-DNA in pathological
states is likely due to increased cell death rate rather than immu-
nological activation. As follows, cf-DNA is a very sensitive, but at
the same time somewhat unspecific marker of tissue damage.

The plasma levels of cf-DNA are elevated in NE (Outinen et al.,
2012a). This probably reflects apoptosis occurring during the acute
phase of the disease as the plasma cf-DNA level correlates with the
intensity of the apoptotic band in qualitative analysis of cf-DNA.
The total plasma cf-DNA level also correlates with leukocytosis,
thrombocytopenia and the length of hospital stay (Outinen et al.,
2012a). The urinary excretion of cf-DNA, in turn, is not elevated
in acute PUUV infection and does not correlate with the severity
of AKI. Hence, the urinary cf-DNA does not reflect the degree of
inflammation in the kidneys (Outinen et al., 2012a).

3.3.6. Soluble urokinase-type plasminogen activator
Urokinase-type plasminogen activator receptor (uPAR) is a mul-

tifunctional glycoprotein released during infection and inflamma-
tion (Ossowski and Aguirre-Ghiso, 2000). It interacts with several
molecules mediating immune system signals and promotes the
migration and adhesion of leukocytes by binding to b-integrins
(Ossowski and Aguirre-Ghiso, 2000). Soluble form of the receptor
(suPAR) can activate b3-integrin within the kidney podocyte lead-
ing to podocyte dysfunction and effacement and proteinuria (Wei
et al., 2011). Plasma suPAR levels are believed to represent the de-
gree of immunoactivation and have been found to be increased as
well as predict disease severity in various infections, e.g. bactere-
mia and HIV infection (Huttunen et al., 2011b; Koch et al., 2011;
Sidenius et al., 2000). Interestingly, contact of endothelial cells
with either peripheral blood mononuclear cells or thrombocytes
strongly promotes release of suPAR (Mustjoki et al., 2000). In NE,
plasma suPAR levels are increased in the acute phase and associate
with a severe course of the disease (Outinen et al., 2013). It is pos-
sible that increased levels of suPAR activate b3-integrin in NE and
are thus involved in the pathogenesis of the disease.

3.3.7. GATA-3
GATA family transcription factors play multiple vital roles in

hematopoiesis in many cell lineages. GATA-3 is a factor necessary
for the production of type 2 T cells (Hosoya et al., 2010). GATA-3 is
also expressed in human kidney embryogenesis and by distal renal
tubular and collecting duct cells in the adult kidney (Labastie et al.,
1995; Obara et al., 2008). Elevated GATA-3 mRNA levels in circulat-
ing mononuclear cells have been reported in patients with minimal
change nephrotic syndrome (Komatsuda et al., 2009). We have re-
cently shown that the maximum urinary sediment GATA-3 mRNA
level is an independent risk factor for severe PUUV-induced AKI
(Libraty et al., 2012). This possibly reflects injury in distal tubular
or collecting duct cells in PUUV-infected kidneys.

3.3.8. Mac-2 binding protein
Increased levels of Mac-2 binding protein (Mac-2BP; also

known as galectin-3 binding protein) have been detected in the cir-
culation of patients with chronic virus infections (HIV-1, HBV, and
HCV) in which the levels correlate with the severity of the disease
(for review on Mac-2BP, see Hepojoki J, PhD thesis, available at
http://ethesis.helsinki.fi). When purifying Tula hantavirus, we
found that it copurifies and binds to Mac-2BP. The results indicated
that hantavirus binds Mac-2BP. We found high Mac-2BP levels in
acute-stage PUUV–HFRS and that the levels correlate with disease
severity and increased complement activation (Hepojoki et al.,
2013, abstract O3–6 in IX International Conference on HFRS, HPS
& Hantaviruses, June 5–7, 2013, Beijing, China). The physiological
functions of Mac-2BP are linked with immune defense against
invading microbes and tumors, but this is the first time Mac-2BP
has been shown to bind a microbe. The results suggest a role for
Mac-2BP in the recognition of an invading virus and activation of
the innate-immune response.
4. Pathogenesis of NE

The recent progress in studying of the hantavirus molecular and
cellular biology, as discussed recently (Vaheri et al., 2013b), forms
the basis for our understanding of the pathogenesis of hantavirus
infections. This in turn, since direct antiviral therapy has limited
potential as discussed in chapter 6, forms the basis for other forms
of therapy such as inhibition of vascular leakage and complement-
mediated pathology. New knowledge about the role of innate and
cellular immune responses as well as other pathogenetic mecha-
nisms in NE will be discussed below.

4.1. Role of innate immune response

4.1.1. Cytokines
Cytokines are thought to play an important role in the develop-

ment of the vascular leakage in hantavirus infections. Cytokines
are produced by a number of different cell types, such as mono-
cytes, macrophages, and lymphocytes, in response to inflammatory
signals and participate in the regulation of the inflammatory re-
sponse. They can be functionally divided into pro-inflammatory
and anti-inflammatory cytokines. In addition to acute-phase pro-
tein induction, cytokines, especially tumor necrosis factor (TNF)-
a, interleukin (IL)-1, and IL-6, are mediators responsible for fever
and septic shock. TNF-a is known to be able to increase vascular
permeability (Tracey and Cerami, 1994). Increased cytokine levels
have been found in the plasma, urine and kidneys of NE patients
(Linderholm et al., 1996; Mäkelä et al., 2004; Outinen et al.,
2010; Sadeghi et al., 2011; Saksida et al., 2011; Takala et al.,
2000; Temonen et al., 1996). An imbalance in the production of
pro-inflammatory and regulatory cytokines is probably important
in the pathogenesis of hantavirus infection (Borges et al., 2008;
Saksida et al., 2011). In concordance with this suggestion, it has
been shown in PUUV infected patients that the disease severity
correlates with high pro-inflammatory cytokine levels but low
anti-inflammatory transforming growth factor (TGF)-b1 levels
(Sadeghi et al., 2011). Furthermore, after the acute phase, the levels
of the pro-inflammatory cytokines decrease, whereas TGF-b1 levels
increase (Sadeghi et al., 2011). Thus, also delayed induction of the
protective immune mechanism to downregulate the early pro-
inflammatory immune response possibly contributes to the patho-
genesis of PUUV infection.

4.1.2. Vascular endothelial growth factor
b3-integrins have an important role in regulating vascular integ-

rity, endothelial cell permeability, and platelet functions (Mackow
and Gavrilovskaya, 2009). Pathogenic hantaviruses inhibit these
functions, thus interfering with the endothelial permeability (Mac-
kow and Gavrilovskaya, 2009). Vascular endothelial growth factor
(VEGF) is expressed on angiogenic endothelium and is able to in-
duce vascular permeability (Dvorak, 2006). b3-integrins regulate
vascular permeability through restricting VEGF-directed perme-
ability caused by the internalization of vascular endothelial (VE)-
cadherin, a predominant structural component of endothelial cell
adherens junctions (Gavrilovskaya et al., 2008; Mackow and
Gavrilovskaya, 2009). Pathogenic hantaviruses inhibit this normal
regulation by b3-integrins (Gavrilovskaya et al., 2008). As a conse-



Fig. 2. Simplified model of the serine protease system depicting the complex interplay between the coagulation/fibrinolysis cascade and the complement system. The serine
proteases of the complement, coagulation, and fibrinolysis systems are all high-lighted in yellow. The black dotted arrow bars show previously known interactions of these
systems. The red arrows identify the new paths of complement activation by the coagulation/fibrinolysis factors resulting in the generation of C3a and C5a, aPC, activated
protein C; MAC, membrane attack complex; MBL, mannan-binding lectin; PK, prekallikrein. (Amara et al., 2010. Copyright 2010. The American Association of Immunologists,
Inc.)
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quence, hantavirus infected endothelial cells are hyperresponsive
to the permeabilizing effects of VEGF leading to vascular hyperper-
meability (Gavrilovskaya et al., 2008). VEGF has not been studied
in PUUV infection but, in HCPS patients, VEGF levels are elevated
in pulmonary edema fluid and peripheral blood mononuclear cells,
so that the more severe cases present the highest levels
(Gavrilovskaya et al., 2012). Hantavirus-directed permeability
has been inhibited by antibodies against VEGF receptor-2
(Gavrilovskaya et al., 2008; Gorbunova et al., 2011). Targeting
VEGF responses may offer a potential therapeutic approach in
hantavirus infections.
4.1.3. Complement
The complement system consists of the classical, the alternative

and the lectin-dependent pathway, all of them converging on com-
plement component C3, which holds a key position in the function
of the complement system (Walport, 2001). When the complex is
formed in the absence of a target membrane in the fluid phase,
C5b-9 binds to S-protein (vitronectin) and a non-lytic soluble
SC5b-9 terminal complement complex is formed. The final product
of the complement cascade is the cytolytic membrane attack com-
plex (MAC) (Podack et al., 1979). The complement system is linked
to the coagulation and fibrinolytic system via multiple interactions
in terms of a complex serine protease network. Interactions be-
tween coagulation and complement system are presented in
Fig. 2 (Amara et al., 2010).

In a Finnish study the complement system was found to be acti-
vated in 23 out of 25 patients with NE (Paakkala et al., 2000). Acti-
vation through the alternative route was a more frequent but the
classical pathway activation was associated with more severe clin-
ical disease (Paakkala et al., 2000). The complement activation
through the alternative pathway was recently confirmed in a study
of 61 patients revealing increased SC5b-9 levels and decreased C3
levels in NE (Sane et al., 2012). The complement activation associ-
ated with chest X-ray abnormalities such as accumulation of pleu-
ral fluid, a finding implying a relationship between the
complement activation and capillary leakage. These findings of
complement activation and their association with the clinical out-
come in acute PUUV-HFRS are in line with the earlier observations
of circulating immune complexes along with decreased C3 levels in
patients with Hantaan virus-induced HFRS (Lee, 1987). In that
study, the decrease in C3 levels was most evident in patients with
most severe abnormalities in coagulation tests which could possi-
bly be a reflection of several molecular mechanisms linking the
coagulation and fibrinolysis cascades with the central complement
components C3 and C5 (Amara et al., 2010).

Decay-accelerating factor of the complement regulatory system
as well as complement receptor gC1qR have been characterized to
mediate the entry of hantaviruses into the endothelial cell in vitro
(Krautkrämer and Zeier, 2008; Spiropoulou, 2011). SC5b-9 is capa-
ble of ligating b3-integrin, which may result in increased endothe-
lial permeability (Tsukada et al., 1995). SC5b-9 has been
demonstrated to release bradykinin and platelet-activating factor,
thus promoting endothelial permeability (Bossi et al., 2004). In
addition, the MAC complex is known to trigger cellular reactions
and production of inflammatory cytokines capable of altering
endothelial function (Morgan, 1999). These are observations link-
ing complement activation to the loss of endothelial integrity but
do not yet provide with an explicit and comprehensive view on
the pathogenesis of hantavirus infection.
4.1.4. Bradykinin
Bradykinin (BK) promotes release of inflammatory mediators,

vasodilatation and increase vascular permeability in many patho-
physiological states (Maurer et al., 2011). It is considered the key
mediator in vascular leakage by disrupting inter-endothelial junc-
tions. More than 20 years ago BK was suggested to be a mediator of
hypotension in hantavirus infections through its effects on vascular
tone and permeability (Cosgriff, 1991). Difficulties in measuring BK
in clinical samples may have been the obstacle to further study of
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this theory. Interestingly, a recent report from the U.S.A. demon-
strated dramatic increases in endothelial cell permeability after
kallikrein-kinin system activation and liberation of BK in an
experimental model of hantavirus infection (Taylor et al., 2013).
Alterations in permeability could be prevented using inhibitors
that block BK binding (Taylor et al., 2013).

4.2. Role of cellular immune response

Acute phase PUUV infection is associated with a vigorous T cell
response, in which both CD4+ and CD8+ T cells participate; at peak
the responding cells can account for 50% of the total peripheral
blood CD8+ population (Lindgren et al., 2011; Tuuminen et al.,
2007). The cytotoxic response has been tracked by using HLA mul-
timers with a cognate antigen, as well as PUUV antigen-specific
IFN-gamma ELISPOT assays. So far, most of the identified HLA class
I restricted antigenic peptides have been in the N protein, support-
ing the view of N protein as the immunodominant antigen
(Terajima and Ennis, 2011; Van Epps et al., 2002). No HLA class II
restricted antigens have been characterized, so the identification
of responding CD4+ T cells is based on phenotypic changes, notably
the upregulation of the cell cycle marker Ki-67 (Lindgren et al.,
2011). Both approaches show that the response is usually at a peak
already at presentation, during the febrile phase of the disease
(Lindgren et al., 2011; Tuuminen et al., 2007). The responding cells
express high levels of effector molecules, such as perforin and
granzyme B, indicating that they are highly active, functional effec-
tor cells.

In human patients most of the T cell data is based on analyzing
peripheral blood lymphocytes, and little is known of local T cell
function in infection foci, such as the kidneys. Cynomolgus maca-
ques infected with PUUV develop symptoms similar to the human
disease, and a limited study showed T cell infiltrates in kidneys,
colocalizing with viral RNA and antigens (Sironen et al., 2008).
The infiltrating cells were mainly CD8+ and were found especially
at sites of tissue damage. Similar results have been obtained from
kidney biopsies taken from human patients with acute PUUV infec-
tion (Temonen et al., 1996; Terajima et al., 2004).

The frequency of responding T cells decreases as the viremia is
cleared, influenced probably by both cell-intrinsic negative signals
and extrinsic regulation (Lindgren et al., 2011; Tuuminen et al.,
2007). Already at presentation the responding T cells express
inhibitory molecules linked to down-regulating T cell responses.
CD4+ T cells express both CTLA-4 and PD1, while in CD8+ T cells
CTLA-4 seems more important. Regulatory T cells expressing the
FOXP3 transcription factor are also activated during the acute
infection, at least judging by an increased frequency of Ki-67
expression. It is probable that they also contribute to the control
of the effector response.

In samples taken during convalescence the frequency of effector
T cells is already below the detection threshold of flow cytometric
methods. However, antigen-specific responses can still be detected
by cytokine ELISPOT, and the CD8+ T cells thus identified probably
represent the emerging memory population (Tuuminen et al.,
2007). After the acute infection, CD8+ memory T cells specific to
N-protein epitopes have been demonstrated in samples taken up
to 15 years later, consistent with an effective long-term T cell
memory (Van Epps et al., 2002). The acute PUUV infection has also
been shown to induce heterologous memory responses against
persistent viruses, such as EBV (Tuuminen et al., 2007). It is not
known how the reactivation of EBV replication or the EBV-specific
T cell response affects the ongoing response against PUUV, or the
course of the hantaviral disease.

Natural killer cells are also involved in the cellular immune re-
sponse to PUUV. A recent study showed that NK cells expand rap-
idly during the acute infection and remain at increased numbers
for more than 2 months (Björkström et al., 2011). The expanded
NK cell population expresses activating receptors and is fully func-
tional ex vivo. These findings suggest that the NK cell response
may also possess memory-like features, with prolonged persis-
tence of an activated population well after viral clearance.

Cytotoxic T cells may contribute to capillary leakage in NE,
either by producing pro-inflammatory cytokines or by directly kill-
ing PUUV-infected endothelial cells. This is indirectly supported by
findings linking HLA class I alleles to the disease severity (see
above). More directly, PUUV-infected patients have increased
extracellular levels of perforin, which correlate with the level of
serum lactate dehydrogenase, a marker of cell membrane damage
(Klingström et al., 2006). The colocalization of CD8+ T cells, viral
markers, and tissue damage in biopsy samples is also consistent
with T cell-mediated pathology in the infection foci. However,
these observations do not prove a causal correlation between cyto-
toxic T cell responses and endothelial damage; a pronounced T cell
response may also be a secondary consequence of the signals asso-
ciated with a severe infection. Indeed, a recent study showed that
hantavirus N-protein can inhibit the function of granzyme B and
caspase 3, molecules central to T cell-mediated killing (Gupta
et al., 2013). The infected endothelial cells are thus rendered resis-
tant to apoptosis induced by cytotoxic T cells.

Regulatory T cells participate in the acute phase T cell response,
and most likely have an inhibitory effect on effector cells. This may
be important in limiting the effector response and thus preventing
capillary immunopathology, as has been suggested for other hanta-
viruses (Zhu et al., 2009). On the other hand, they might also hin-
der efficient viral clearance by cytotoxic T cells and thus prolong
the viremia, as has been suggested in studies of hantaviral persis-
tence in rodent hosts (Easterbrook et al., 2007; Schountz et al.,
2007). Thus, the role of regulatory T cells in the pathogenesis of
PUUV-induced HFRS is still unclear.

4.3. Other disease mechanisms

PUUV causes a generalized infection and PUUV RNA and/or N
protein has been detected also in urine (Plyusnin et al., 1997), sal-
iva (Pettersson et al., 2008) and cerebrospinal fluid (Mähönen et al.,
2007) and in lethal cases in the hypophysis, brain, kidney, lungs,
spleen and liver own unpublished data. PUUV infects many types
of cultured human cells: fibroblasts, kidney glomerular cells
(epithelial and mesangial), and endothelial cells, monocyte-
macrophages (Temonen et al., 1993, 1995). Ordinarily, no cyto-
pathic effects are seen although hantavirus-induced apoptosis is
seen in certain experimental conditions (Kang et al., 1999; Li
et al., 2004; Markotic et al., 2003) and markers of apoptosis such
as caspase-cleaved cytokeratin-18 and DNA fragments correspond-
ing to the size of apoptotic DNA (150–200 bp) (Outinen et al.,
2012a) are detected in PUUV-infected patients. Thus, the tissue
damage in PUUV infection may be mediated by apoptosis but also
by indirect mechanisms such as cytokines, complement activation,
and cytotoxic T cells (see above).

Several cell surface proteins have been suggested to act as han-
tavirus receptors, especially integrins. Integrins are a family of
heterodimeric (contain two distinct protein chains, a and b) trans-
membrane proteins that act as adhesion molecules (cell–cell and
cell-matrix contacts). Pathogenic and apathogenic hantaviruses
have been suggested to differ in their receptor usage; aVb3 being
the receptor for pathogenic (such as PUUV) and a5b1 for
apathogenic viruses. This is probably true at least in cell culture
conditions; however, decay-accelerating factor, a glycosylphos-
phatidylinositol (GPI)-anchored protein of the complement regula-
tory system (Krautkrämer and Zeier, 2008) and complement C1q
receptor gC1qR can also mediate hantavirus infection in cell
culture (Choi et al., 2008).
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5. Host genetic factors affecting disease outcome

The clinical course of NE is clearly influenced by host-related
factors. In Finland, the individuals who had HLA alleles B8,
C4A⁄Q0, and DRB1⁄0301 were likely to have the most severe form
of the PUUV infection (Mustonen et al., 1996; Mäkelä et al., 2002),
and those with HLA-B27 had a benign clinical course (Mustonen
et al., 1998). Interestingly, individuals with the haplotype HLA-B8
DRB1⁄0301 are prone to normal or increased humoral immune re-
sponse and a low T cell immune responsiveness (Candore et al.,
1994). Carriers of this haplotype have an altered immune response
against hepatitis B vaccine (Alper et al., 1989; Egea et al., 1991) and
in HIV infection (Steel et al., 1988).

In Slovenian population, PUUV-infected patients, and especially
those who had a severe form of the disease, had more frequently
HLA-DRB1⁄13 haplotype than DOBV-infected patients (Korva
et al., 2011). HLA-B⁄07, in turn, showed to have a possible protec-
tive role in PUUV infection. Furthermore, DOBV-infected patients
had a significantly higher frequency of HLA-B⁄35 than PUUV-in-
fected patients (Korva et al., 2011). Thus, different hantaviruses
may be presented differently through the same HLA molecules.
The association between HLA alleles and severity implies an
involvement of T-cell-mediated effects in hantavirus pathogenesis.

A high-producing genotype of TNF-a gene (polymorphism at
position -308) associates with the severe clinical course of NE in
Finnish patients (Kanerva et al., 1998b; Mäkelä et al., 2001). It is
part of the susceptibility HLA haplotype for severe infection, but
a less important risk factor than the HLA-B8-DR3 haplotype
(Mäkelä et al., 2002). On the other hand, Belgian patients with
the low producer genotype of TNF-a gene (polymorphism at posi-
tion -238) had a more severe clinical course (Maes et al., 2006).
Additional genes contributing to susceptibility to PUUV infection
include non-carriage of the interleukin-1 receptor antagonist (IL-
1RA) allele 2 and IL-1a (-511) allele 2 (Mäkelä et al., 2001).
6. Current therapy

6.1. Supportive measures

The clinical disease in NE is in most cases fairly mild, maybe
only 30% of patients have symptoms leading to medical attention
and diagnostics. In Finland, 52% of all serologically diagnosed pa-
tients with PUUV infection need hospital care for the average of se-
ven days (Makary et al., 2010). Of those patients, up to 6% need
transient hemodialysis treatment and some need care in the inten-
sive care unit (Vaheri et al., 2013a). Maintaining fluid and electro-
lyte balance is a crucial component of care. In addition to kidney
function, blood pressure and oxygenation may need support. Plate-
let transfusions have been used in severe thrombocytopenia and
bleedings. Pharmacotherapy may be needed for headache and back
pains. As there is currently no specific therapy available for hanta-
virus infections, biomarkers selecting the patients with the need of
an early and intensive supportive treatment would be of clinical
value.
6.2. Antiviral drugs

The nucleoside analog ribavirin is the only established antiviral
drug with some in vitro- and in vivo-efficacy against hantavirus
replication (Severson et al., 1999). However, ribavirin as well as
interferon only have therapeutic effect prophylactically or at very
early times postinfection. When the symptoms of HFRS appear,
viremia is already fading, and by the point the patients seek med-
ical attention the time has already run out for their effective use.
Ribavirin has not been tested in PUUV infection (Vaheri et al.,
2013a).

Another recently discovered compound with antiviral activity
against Hantaan virus is ETAR (1-beta-D-ribofuranosyl-3-ethynyl-
(1,2,4) triazole). It neither decreases viral RNA levels nor increases
mutation frequency of Hantaan virus genome and thus different
mechanism of action compared with ribavirin may be speculated
(Chung et al., 2008). To our knowledge, there are no reports on
the use of ETAR in the clinical setting of acute hantavirus infection
in humans.

Other antiviral strategies against hantaviruses include the use
of cyclic peptides or peptidomimetic compounds similar to cyclic
peptides which bind avb3 integrin as a virus receptor (Hall et al.,
2007, 2008; Larson et al., 2005), but so far there are no published
reports on their clinical use. As for passive immunization, there
are studies demonstrating the ability of polyclonal and monoclonal
antibodies to prevent or delay the hantavirus infection in animals
(Hammerbeck and Hooper, 2011).
6.3. Other drugs

Since hantaviruses infect endothelial cells and alter their func-
tions, targeting endothelial cell responses to stabilize the vascula-
ture could be a potential therapeutic approach (Gavrilovskaya
et al., 2012). It also has the advantage of being useful after the incu-
bation period, at the onset of clinical symptoms. Moreover, there
are already several well-studied VEGFR2 and Src inhibitors in hu-
man clinical trials or used therapeutically. Angiopoietin-1, sphin-
gosine-1-phosphate, pazopanib and dasatinib all inhibit
microvascular leak in hantavirus infection in vitro (Gavrilovskaya
et al., 2012). The Robo4 receptor that is highly expressed by lung
microvascular endothelial cells is currently under evaluation as a
therapeutic for a variety of vascular disorders (Jones et al., 2009;
Marlow et al., 2010).

Interestingly, our recent report of a patient with an extremely
severe NE describes a successful therapeutic use of icatibant, a
drug licensed for the treatment of acute episodes of hereditary
angioedema (Antonen et al., 2013). Icatibant is a synthetic poly-
peptide that is structurally similar to BK. It acts as a selective
and competitive antagonist of the BK type 2 receptor, reverses in-
creased vascular permeability and inhibits vasodilatation (Cicardi
et al., 2010; Cockcroft et al., 1994). In another recent study in-
creased vascular permeability in an experimental hantavirus infec-
tion could be prevented with drugs that block BK binding, the
activity of coagulation factor XII, or the activity of kallikrein (Taylor
et al., 2013). An additional possibility might be to use drugs that
prevent the generation of SC5b-9 (MAC) known to release BK
(Bossi et al., 2004). As the effective therapy for hantavirus diseases
is still missing, the use of currently licensed drugs with therapeutic
potential against microvasculatory leak should be considered in
patients at high risk of mortality.
7. Gaps in knowledge and directions for future research

Our understanding of the pathogenesis HFRS caused by PUUV
has improved in recent years. Much more knowledge, however,
is needed of the roles of many factors in the pathogenesis of the
main manifestations of the disease: capillary leakage, thrombocy-
topenia and AKI. The disease is obviously very complex but still
it is probable that one factor acts as the primary cause in the path-
ogenesis and several others come secondary of lesser importance.
We think that a central disturbance is increased capillary leakage
and further studies should explore the mechanisms of that.

Currently the only animal model for PUUV infection is the Cyno-
molgus macaque model (Klingström et al., 2002; Sironen et al.,
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2008). Human PUUV infection is reproduced in macaques quite
accurately but studies on the pathogenesis, therapy and vaccine
development would greatly benefit if a rodent model, such as
exists for HCPS, infection of Syrian hamsters with Andes virus
(Safronetz et al., 2012), would be available.

At the moment no specific drug therapy is in use. More studies
of the pathogenesis of increased capillary leakage are of great
importance. This may provide the road towards effective therapeu-
tics. An example of this is to test the effects of icatibant, a drug that
blocks the binding of bradykinin, in large materials of patients with
PUUV and other hantavirus infections.

Further important questions are identification of risk factors,
preventive measures and vaccination, use of antiviral drugs and
other drugs influencing capillary permeability, treatment of bleed-
ings, prophylaxis of AKI as well as identification of long-term con-
sequences of the disease. Answers should be sought in carefully
planned studies performed in close collaboration between scien-
tists of various fields.
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