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Abstract
Hemorrhagic fever with renal syndrome (HFRS) and Crimean-Congo hemorrhagic fever

(CCHF) are common representatives of viral hemorrhagic fevers still often neglected in

some parts of the world. Infection with Dobrava or Puumala virus (HFRS) and Crimean-

Congo hemorrhagic fever virus (CCHFV) can result in a mild, nonspecific febrile illness or

as a severe disease with hemorrhaging and high fatality rate. An important factor in optimiz-

ing survival rate in patients with VHF is instant recognition of the severe form of the disease

for which significant biomarkers need to be elucidated. To determine the prognostic value of

High Mobility Group Box 1 (HMGB1) as a biomarker for disease severity, we tested acute

serum samples of patients with HFRS or CCHF. Our results showed that HMGB1 levels are

increased in patients with CCHFV, DOBV or PUUV infection. Above that, concentration of

HMGB1 is higher in patients with severe disease progression when compared to the mild

clinical course of the disease. Our results indicate that HMGB1 could be a useful prognostic

biomarker for disease severity in PUUV and CCHFV infection, where the difference

between the mild and severe patients group was highly significant. Even in patients with

severe DOBV infection concentrations of HMGB1 were 2.8–times higher than in the mild

group, but the difference was not statistically significant. Our results indicated HMGB1 as a

potential biomarker for severe hemorrhagic fevers.

Author Summary

Dobrava virus (DOBV), Puumala virus (PUUV) and Crimean-Congo Hemorrhagic fever
virus (CCHFV) are important causative agents of viral hemorrhagic fevers. Clinical sever-
ity of Hemorrhagic fever with renal syndrome (HFRS) and Crimean-Congo Hemorrhagic
fever (CCHF) varies greatly from a mild, nonspecific febrile illness to a severe form of the
disease with hemorrhaging and high fatality rate. In this study we investigated the role of
High Mobility Group Box 1 (HMGB1) as a prognostic marker for the severe form of
HFRS and CCHF. The study showed high concentration of HMGB1 in HFRS and CCHF
patients in comparison with healthy donors. Even more, higher levels of HMGB1 were
measured in patients with the severe form of diseases. Interestingly, patients with severe
PUUV infection had the highest concentration of HMGB1, although infection with
DOBV and CCHFV usually causes more severe hemorrhagic manifestations. It is clear
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that HMGB1 has a broad repertoire of immunological functions and is involved in various
pathways of immunity, inflammation and cancer progression, therefore also the induction
by infection with PUUV, DOBV or CCHFV can influence different pathways. Nonetheless
our research demonstrates a potential use of HMGB1 as an important biomarker for sever-
ity in PUUV and CCHFV infection.

Introduction
Viral hemorrhagic fevers (VHFs) are characterized by a severe multisystem syndrome and are
caused by viruses from several different families. Among them, hantaviruses and Crimean-
Congo Hemorrhagic fever virus (CCHFV), members of the Bunyaviridae family, represent
important causative agents of VHFs. Hantaviruses are present globally and each hantavirus is
closely related to a specific rodent or insectivore natural host. Humans are generally infected
by inhaling virus-contaminated aerosols from small mammal’s excreta. Hantaviruses cause
two typical syndromes: Hemorrhagic fever with renal syndrome (HFRS) in Europe and Asia,
and Hantavirus cardiopulmonary syndrome in the Americas. HFRS is an endemic disease in
Slovenia, caused by Dobrava virus (DOBV) and Puumala virus (PUUV). PUUV usually
causes a milder form of the disease, called nephropathia epidemica (NE), whereas DOBV is
mainly responsible for the more severe disease with up to 10% case fatality rate. However,
clinical severity of HFRS varies greatly. In Slovenia, both severe and mild clinical courses of
the disease have been observed, with an overall case fatality rate of 4.5% [1,2]. CCHFV is the
causative agent of Crimean-Congo hemorrhagic fever (CCHF), which is the most widespread
tick-borne viral infection. CCHF virus is transmitted by several genera of ixodid ticks to a
variety of wild and domestic mammals, which develop a transient viremia without any signs
of the illness. Humans are infected with CCHFV through a tick bite or exposure to the blood
or other bodily fluids of infected animals or patients [3]. The course of the disease can be
extremely severe, with hemorrhaging and case fatality rate between 3% and 30%. Similarly to
HFRS, CCHF can also result in a mild, nonspecific febrile illness or an asymptomatic infec-
tion [4].

Studies showed that DOBV, PUUV and CCHFV infections cause different intensity of clinical
and pathological manifestations in patients, like increased vascular permeability, coagulopathy,
thrombocytopenia and hemorrhages. Immuno-pathogenic factors play an important role in the
pathogenesis of both HFRS and CCHF. It was shown that the fatal cases of CCHF had an elevated
serum cytokine level, weak or absent antibody response and high viral load [5,6]. Interferon
(IFN) response also plays an important role in the pathogenesis of both diseases. Early activation
of the type I IFN response was delayed by pathogenic hantaviruses and CCHFV, thereby enabling
early viral replication and the spread of infection [7,8,9].

During the acute phase of HFRS and CCHF, patients show typical laboratory parameters
like anemia, leukocytosis, thrombocytopenia, proteinuria, hematuria, elevated liver enzymes
and serum creatinine. Severity of the disease is also linked to the levels of different biomarkers
and can serve as prognostic indicators. Biological markers like interleukin 6, pentraxin-3, ido-
leamine 2,3 dioxygenase, soluble urokinase-type plasminogen activator receptor and GATA-3
were found to correlate with severity of NE [10,11,12]. C-reactive protein (CRP) and procalci-
tonin (PCT) are used particularly for discrimination between bacterial and viral infections and
are usually found in high levels in patients with systemic bacterial infections and were also
highly elevated in HFRS and CCHF patients [13,14,15,16].
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Another proinflammatory marker connected to prognosis of hemorrhagic fevers is High
Mobility Group Box 1 (HMGB1). HMGB1 is a non-histone nucleosomal protein that binds
and bends DNA. It functions as a nuclear remodeling factor [17,18]. HMGB1 is usually found
in the cell nucleus and can be secreted into the extracellular milieu passively from necrotic cells
or actively by activated immune cells [19,20]. HMGB1 was linked to play a potential role in
sepsis [21], hemorrhagic shock, trauma [22] and several infectious viral diseases [23,24,25].
Allonso and coworkers showed that HMGB1 can be used as a biomarker for severe dengue
prognosis and high HMGB1 levels were correlated with increased vascular permeability, inten-
sity of symptoms and incidence of secondary infection [26,27].

Although different clinical studies were conducted, complete immunopathogenesis of afore-
mentioned VHFs is still unknown. The aim of our study was to investigate the role of HMGB1
as a prognostic marker for HFRS and CCHF.

Methods

Ethics statement
The study was approved by Republic of Slovenia National Medical Ethics Committee (69/03/
12 and 30/04/15). Collecting of CCHF serum samples was part of the CCH Fever network (Col-
laborative Project) supported by the European Commission under the Health Cooperation
Work Programme of the 7th Framework Programme (grant agreement no. 260427). All partici-
pants gave an oral and written informed consent. The study was conducted according to the
principles expressed in the Declaration of Helsinki.

Patients
Altogether, 128 serum samples of patients with hemorrhagic fever were included in this
study. HFRS patients were hospitalized in different Slovenian hospitals and clinical diagnosis
was confirmed with serological or molecular tests as described elsewhere [1]. From 72 HFRS
patients included in the study, 24 were infected with DOBV and 48 were infected with
PUUV. Additionally, we have analyzed 29 serial samples from 7 HFRS patients. Fifty-six
patients from Kosovo with confirmed CCHF were also included in the study. CCHFV infec-
tion was confirmed as described before [6]. For each patient a detailed medical chart was col-
lected and significant laboratory parameters were analyzed. Additionally, serum samples of
61 healthy donors were tested. Blood samples from healthy donors were processed as
patients’ samples.

HMGB1 assay
Concentration of HMGB1 was measured with commercially available HMGB1 capture
enzyme-linked immunosorbent assay (ELISA) kit (Chondrex, USA) according to the manufac-
turer’s instructions. Samples were measured in duplicate.

Statistical analyses
Statistical analyses were performed using GraphPad Prism version 6 for Windows (GraphPad
Software, San Diego, CA, USA). To analyze the normal distribution of data the D’Agostino-
Pearson normality test was performed. Differences between groups were calculated using the
non-parametric Mann-Whitney U test and Kruskal Wallis analyses. All statistical tests were
two-tailed. A p-values below 0.05 was considered statistically significant.
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Results

Patients and clinical data
To determine HMGB1 dynamic in the acute stage of illness multiple sample per patients were
tested. Twenty-nine samples from 7 patients with HFRS were analyzed. Our results showed
that in all 7 patients, the concentration of HMGB1 was the highest in the first sample and that
the concentration of HMGB1 decreased during the hospitalization (supplement data, S1 Fig).
According to the observed kinetic, we have further evaluated the HMGB1 concentration in the
first available serum sample of patients with hemorrhagic fever.

Seventy-two patients with confirmed HFRS (24 infected with DOBV and 48 with PUUV)
and 56 patients with confirmed CCHF were enrolled in the study. Patients’ serum samples
were collected during the onset of disease, at the admission to the hospital. Samples of HFRS
patients were collected in the mean on 2.5 day of hospitalization (between 2nd and 18th day of
illness). Specifically, samples of DOBV infected patients were collected in the mean on 2.8 day
of hospitalization (between 3rd and 18th day of illness) and samples of PUUV infected patients
were collected in the mean on 2.4 day of hospitalization (between 2nd and 11th day of illness).
Similar as in HFRS patients, samples of CCHF patients were collected in the mean on 2.9 day
of hospitalization (between 1st and 21st day of illness). Patients were categorized into two
groups: mild and severe, based on disease severity. Fatal patients were included in the severe
group. Patients with HFRS were categorized based on clinical data and laboratory parameters
as described before [28,29]. Twelve patients infected with DOBV were categorized as having
the severe form of the disease and 12 as the mild form. Twenty-three PUUV patients were cate-
gorized as severe and 25 as mild. Patients with CCHF were categorized based on the classifica-
tion by Swanepoel et al. [6,30]. Twenty-eight were categorized as having the severe form of the
disease (13 fatal) and 28 as the mild.

HMGB1 in hemorrhagic fevers
To examine whether the demographic influenced concentration of HMGB1, we have analyzed
the age and gender composition of patients with hemorrhagic fevers. Among all included
HFRS patients 81% were male and 19% were female. Age distribution among patients with
HFRS was between 20 and 49 years. Thirty-nine male patients (70%) and 17 female patients
(30%) with CCHF were included in our study. Most CCHF patients were aged between 30 and
39 years (18%). Age and gender composition of the control group were similar than the study
group. Our results indicated no significant difference in concentration of HMGB1 among dif-
ferent age groups (for HFRS patients p = 0.95 and for CCHF patients p = 0.82) or genders (for
HFRS patients p = 0.84 and for CCHF patients p = 0.34) in patients with hemorrhagic fevers
(supplement data, S2 and S3 Figs).

To investigate whether HMGB1 concentration is elevated in patients with hemorrhagic
fever, we compared HMGB1 levels between 72 patients with HFRS, 56 patients with CCHF
and 61 healthy donors. Results show that HMGB1 concentrations were statistically signifi-
cantly higher in patients with HFRS and CCHF than in healthy donors (p<0.0001, Fig 1). The
median concentrations were 11.6–times and 4.4–times higher in patients with HFRS and
CCHF than in healthy donors (Table 1). The median concentration of HMGB1 was 2.6–times
higher in patients with HFRS than in patients with CCHF, but the difference was not statisti-
cally significant (p = 0.3). These results indicated that HMGB1 concentration is elevated in
patients with hemorrhagic fevers.
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HMGB1 level in patients with CCHF
To determine whether HMGB1 concentrations are higher in the severe form of the disease, we
compared the levels in both groups. Concentration of HMGB1 was significantly higher in
patients with the severe form of CCHF than in patients with the mild form of the disease
(p = 0.04, Fig 2), although the median HMGB1 concentration was only 1.7–times higher in
patients with the severe form of the illness than in patients with the mild form of the disease
(Table 1). These results show that patients with severe CCHF had significantly elevated levels
of HMGB1 compared to patients with the mild form of the disease.

HMGB1 level in patients with HFRS
To determine if there is a difference in concentration of HMGB1 between HFRS patients, we
compared levels of HMGB1 in patients infected with DOBV and PUUV. The median HMGB1
concentration was 2.2–times higher in patients infected with PUUV than in patients infected
with DOBV, but the difference was not statistically significant (p = 0.4, Fig 3a).

Fig 1. Comparison of serumHMGB1 concentrations in patients with HFRS, CCHF and healthy
controls. The Kruskal Wallis test was used for statistically analyses. A p-values below 0.05 were considered
statistically significant.

doi:10.1371/journal.pntd.0004804.g001

Table 1. HMGB1 concentration in patients with hemorrhagic fevers.

HFRS
patients

DOBV severe
and fatal

DOBV
mild

PUUV
severe

PUUV
mild

CCHF
patients

CCHF severe
and fatal

CCHF
mild

Control

Number of sera 72 12 12 23 25 56 28 28 61

Median HMGB1 concentration
(ng/ml)

38 45,7 16 138 7,3 14,5 19 11,3 3,3

Minimal to maximal HMGB1
concentration (ng/ml)

0,4–787 0,4–787 1–493 4,8–702 0,8–513 0,7–897 0,7–897 1,4–75 0,2–31

doi:10.1371/journal.pntd.0004804.t001
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Next, we assessed whether the HMGB1 concentrations were higher in patients with severe
HFRS. The median HMGB1 concentration was 2.8–times higher in patients with severe DOBV
infection than in patients with mild DOBV infection (Table 1), but the difference was not statis-
tically significant (p = 0.2, Fig 3b). Comparison of patients with severe and mild PUUV infection
showed high differences between groups. The median HMGB1 concentration was 19–times
higher in patients with severe PUUV infection than in patients with mild PUUV infection and
the difference was statistically significant (p = 0.003, Fig 3c). These results clearly showed that
patients with severe PUUV infection had the highest HMGB1 concentration (Table 1).

Discussion
Multiple studies have aimed to identify prognostic biomarkers for hemorrhagic fever in order
to prevent a fatal outcome of the disease. It was found that CRP and PCT are elevated in
patients with HFRS and CCHF, but these biomarkers are not specific and not sufficient to pre-
dict virus infection severity. However, recently it was shown that HMGB1 can be used as a bio-
marker for Dengue virus (DENV) diagnosis and disease prognosis [27]. In this study we
focused our investigation on HMGB1 as a possible prediction biomarker for disease severity of
HFRS and CCHF.

Our investigation included patients’ samples from the acute phase of the disease, as previous
reports and our results showed that HMGB1 concentrations are higher during the first days of
the illness [26]. Our results indicated that age and gender distribution have no influence on
concentration of HMGB1 in patients with hemorrhagic fevers. Obtained results indicated that
concentrations of HMGB1 are higher in patients with HFRS and CCHF than healthy controls,
however, they were similar between the two VHFs. Elevated levels of HMGB1 were anticipated
in patients with hemorrhagic fevers, since it was shown that HMGB1 has a role in many dis-
eases, including infectious viral diseases [23,24,25]. It was shown that released HMGB1 can

Fig 2. Comparison of serumHMGB1 concentrations in patients with CCHFV infection according to
the clinical course of the disease. The Mann-Whitney U test was used for statistically analyses. A p-values
below 0.05 were considered statistically significant.

doi:10.1371/journal.pntd.0004804.g002
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function as a proinflammatory cytokine. According to that, our results indicated that HMGB1
is likely to be involved in the immunopathogenesis of hemorrhagic fevers.

To determine the possible role of HMGB1 in the pathogenesis of studied VHFs and to ascer-
tain its probable prognostic value, we compared concentrations of HMGB1 between patients
with severe and mild CCHF. Our results demonstrated statistically higher levels of HMGB1 in
patients with the severe clinical course. This implies that the level of HMGB1 might play an
important role in the immunopathogenesis of CCHF and could probably be used for disease
severity prediction.

Furthermore, we compared patients with DOBV and PUUV infection, as it is generally
believed that DOBV is mainly responsible for more severe HFRS cases. Patients infected with
PUUV indicated higher levels (although not statistically significant) of HMGB1 than patients
infected with DOBV. To determine, if the level of HMGB1 can serve as a prognostic marker in
HFRS, we compared concentrations of HMGB1 between patients with severe and mild clinical
courses. Patients with the severe DOBV infection had higher HMGB1 levels than patients with
the mild course of the disease. Results were not statistically significant, which indicated that
HMGB1 is not an appropriate biomarker for disease severity prediction in DOBV infections.
On the contrary, our results demonstrated that HMGB1 can serve as a suitable biomarker for
prognosis of severe PUU infections, considering that patients with severe PUUV infection had
significantly higher levels of HMGB1 than patients with the mild disease form.

Fig 3. A Comparison of serum HMGB1 concentrations in patients with DOBV and PUUV infection. The
Mann-Whitney U test was used for statistically analyses. A p-values below 0.05 were considered statistically
significant. B Comparison of serum HMGB1 concentrations in patients with DOBV infection according to the
clinical course of the disease. The Mann-Whitney U test was used for statistically analyses. A p-values below
0.05 were considered statistically significant. C Comparison of serum HMGB1 concentrations in patients with
PUUV infection according to the clinical course of the disease. The Mann-Whitney U test was used for
statistically analyses. A p-values below 0.05 were considered statistically significant.

doi:10.1371/journal.pntd.0004804.g003
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Our results suggested that higher HMGB1 levels are a general feature of severe forms of
viral hemorrhagic fevers. Patients with the severe PUUV infection indicated the highest
HMGB1 level among HFRS and CCHF patients, although infection with DOBV and CCHFV
usually cause more severe hemorrhagic manifestations than PUUV. One of the possible expla-
nations for high levels of HMGB1 in severe PUUV infected patients could be the inhibition of
an early innate immune response. Immunological studies revealed that pathogenic hantavi-
ruses and CCHFV suppress the early IFN-β response. Ability of hantaviruses to inhibit innate
immunity vary in their degrees of pathogenicity. It was shown that both DOBV and PUUV
inhibit IFN-β induction, but the inhibition reported for PUUV was only 10–30% of IFN
responses reduction [31]. On the other hand it was demonstrated that IFN-β and STAT-1 have
critical and essential roles in HMGB1 release [32]. Additionally, it was shown that release of
HMGB1 is dependent on the activation of the JAK/STAT1 pathway by IFN-β [33]. This could
probably explain why HMGB1 levels are higher in patients with the severe PUUV infection,
although DOBV causes a more severe HFRS than PUUV. Inhibition of IFN-β by DOBV virus
and consequently lower levels of HMGB1 could be the reason why differences between severe
and mild DOBV infections were not statistically significant. On the contrary, patients with
severe CCHF indicated statistically significantly higher level of HMGB1 than patients with the
mild infection, although it was shown that CCHFV suppresses IFN-β promoter mediated gene
expression [8]. HMGB1 also plays an important role in hemorrhagic shock as it can be released
passively into the extracellular milieu from damaging cells and functions as an inflammatory
cytokine [34]. This indicates that abundant bleeding could be one of the possible reasons for
elevated HMGB1 levels in patients with severe CCHF. Both, DOBV and CCHFV can cause
severe forms of the disease with bleeding manifestations, however the initial manifestation in
patients with severe CCHF more commonly progresses to large cutaneous ecchymoses and
bleeding from the gastrointestinal and urinary tracts [30]. Nonetheless, HMGB1 has a broad
repertoire of immunological functions and is involved in different pathways of immunity,
inflammation and cancer progression. Additional in vivo and in vitro studies must be con-
ducted to confirm all roles of HMGB1 in pathogenesis of VHFs.

In conclusion, our study is the first to represent that HMGB1 levels are increased during
hemorrhagic fevers caused by CCHFV, DOBV and PUUV. The work presented here indicates
elevated HMGB1 levels in patients with severe HFRS and CCHF. Our research demonstrated
potential use of HMGB1 as a biomarker for severity in PUUV and CCHFV infections. The
induction and release of HMGB1 is very complex and is involved in different pathways of the
host immune system. Because of immune-mediated response of HMGB1 further immunologi-
cal studies are needed to clarify, whether HMGB1 can be used as a prognostic marker for hem-
orrhagic fever outcomes.

Supporting Information
S1 Fig. Kinetics of HMGB1 in serial samples from HFRS patients. Each graph represents
one patient.
(TIF)

S2 Fig. HMGB1 concentration in HFRS and CCHF patients according to the gender distri-
bution.
(TIF)

S3 Fig. HMGB1 concentration in HFRS and CCHF patients according to the age distribu-
tion.
(TIF)

HMGB1 in Viral Hemorrhagic Fevers

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004804 June 27, 2016 8 / 10

http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0004804.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0004804.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0004804.s003


Acknowledgments
We thank the following infectious disease specialists and specialists of internal medicine for
their help in collecting samples of patients with HFRS and retrieving patients' case records:
Franc Strle, Stanka Lotrič –Furlan, Petra Bogovič (University Medical Centre Ljubljana);
Božena Kotnik Kevorkijan, Zvonko Baklan, Sibila Unuk, Rajko Saletinger (University Medical
Centre Maribor); Emil Pal (General Hospital Murska Sobota); Tatjana Remec, Anica Berginc
Dolenšek (General Hospital Novo mesto); Gorazd Lešničar, Irena Milotič, Branko Šibanc
(General Hospital Celje); Zala Plešivčnik, Davorin Benko (General Hospital Slovenj Gradec);
Matjaž Klemenc, Peter Vičič (General Hospital Nova Gorica).

We thank Isme Humolli, Isuf Dedushaj and Xhevat Jakupi from the National Institute of
Public Health of Kosovo, Republic of Kosovo and Salih Ahmeti from the Clinic of Infectious
Diseases, Pristina, Republic of Kosovo for their help in collecting patients’ samples with CCHF
and retrieving patients' case records.

Author Contributions
Conceived and designed the experiments: TAZ KRRMK LF. Performed the experiments: KRR.
Analyzed the data: KRR. Wrote the paper: KRR TAZMK LF.

References
1. Avsic-Zupanc T, Petrovec M, Furlan P, Kaps R, Elgh F, et al. (1999) Hemorrhagic fever with renal syn-

drome in the Dolenjska region of Slovenia—a 10-year survey. Clin Infect Dis 28: 860–865. PMID:
10825051

2. Pal E, Strle F, Avsic-Zupanc T (2005) Hemorrhagic fever with renal syndrome in the Pomurje region of
Slovenia—an 18-year survey. Wien Klin Wochenschr 117: 398–405. PMID: 16053195

3. Bente DA, Forrester NL, Watts DM, McAuley AJ, Whitehouse CA, et al. (2013) Crimean-Congo hemor-
rhagic fever: history, epidemiology, pathogenesis, clinical syndrome and genetic diversity. Antiviral Res
100: 159–189. doi: 10.1016/j.antiviral.2013.07.006 PMID: 23906741

4. Ergonul O (2006) Crimean-Congo haemorrhagic fever. Lancet Infect Dis 6: 203–214. PMID: 16554245

5. Saksida A, Duh D, Wraber B, Dedushaj I, Ahmeti S, et al. (2010) Interacting roles of immune mecha-
nisms and viral load in the pathogenesis of crimean-congo hemorrhagic fever. Clin Vaccine Immunol
17: 1086–1093. doi: 10.1128/CVI.00530-09 PMID: 20484568

6. Duh D, Saksida A, Petrovec M, Ahmeti S, Dedushaj I, et al. (2007) Viral load as predictor of Crimean-
Congo hemorrhagic fever outcome. Emerg Infect Dis 13: 1769–1772. doi: 10.3201/eid1311.070222
PMID: 18217568

7. Andersson I, Karlberg H, Mousavi-Jazi M, Martinez-Sobrido L, Weber F, et al. (2008) Crimean-Congo
hemorrhagic fever virus delays activation of the innate immune response. J Med Virol 80: 1397–1404.
doi: 10.1002/jmv.21222 PMID: 18551619

8. Fajs L, Resman K, Avsic-Zupanc T (2014) Crimean-Congo hemorrhagic fever virus nucleoprotein sup-
presses IFN-beta-promoter-mediated gene expression. Arch Virol 159: 345–348. doi: 10.1007/
s00705-013-1816-2 PMID: 23990053

9. Levine JR, Prescott J, Brown KS, Best SM, Ebihara H, et al. (2010) Antagonism of type I interferon
responses by new world hantaviruses. J Virol 84: 11790–11801. doi: 10.1128/JVI.00916-10 PMID:
20844031

10. Outinen TK, Tervo L, Makela S, Huttunen R, Maenpaa N, et al. (2013) Plasma levels of soluble uroki-
nase-type plasminogen activator receptor associate with the clinical severity of acute puumala hantavi-
rus infection. PloS one 8: e71335. doi: 10.1371/journal.pone.0071335 PMID: 23990945

11. Outinen TK, Makela S, Huhtala H, HurmeM, Meri S, et al. (2012) High pentraxin-3 plasma levels asso-
ciate with thrombocytopenia in acute Puumala hantavirus-induced nephropathia epidemica. European
journal of clinical microbiology & infectious diseases: official publication of the European Society of Clin-
ical Microbiology 31: 957–963.

12. Outinen TK, Makela SM, Ala-Houhala IO, Huhtala HS, HurmeM, et al. (2011) High activity of indolea-
mine 2,3-dioxygenase is associated with renal insufficiency in Puumala hantavirus induced nephro-
pathia epidemica. Journal of medical virology 83: 731–737. doi: 10.1002/jmv.22018 PMID: 21328391

HMGB1 in Viral Hemorrhagic Fevers

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004804 June 27, 2016 9 / 10

http://www.ncbi.nlm.nih.gov/pubmed/?term=Humolli%20I%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dedushaj%20I%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ahmeti%20S%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/10825051
http://www.ncbi.nlm.nih.gov/pubmed/16053195
http://dx.doi.org/10.1016/j.antiviral.2013.07.006
http://www.ncbi.nlm.nih.gov/pubmed/23906741
http://www.ncbi.nlm.nih.gov/pubmed/16554245
http://dx.doi.org/10.1128/CVI.00530-09
http://www.ncbi.nlm.nih.gov/pubmed/20484568
http://dx.doi.org/10.3201/eid1311.070222
http://www.ncbi.nlm.nih.gov/pubmed/18217568
http://dx.doi.org/10.1002/jmv.21222
http://www.ncbi.nlm.nih.gov/pubmed/18551619
http://dx.doi.org/10.1007/s00705-013-1816-2
http://dx.doi.org/10.1007/s00705-013-1816-2
http://www.ncbi.nlm.nih.gov/pubmed/23990053
http://dx.doi.org/10.1128/JVI.00916-10
http://www.ncbi.nlm.nih.gov/pubmed/20844031
http://dx.doi.org/10.1371/journal.pone.0071335
http://www.ncbi.nlm.nih.gov/pubmed/23990945
http://dx.doi.org/10.1002/jmv.22018
http://www.ncbi.nlm.nih.gov/pubmed/21328391


13. Povoa P, Almeida E, Moreira P, Fernandes A, Mealha R, et al. (1998) C-reactive protein as an indicator
of sepsis. Intensive Care Med 24: 1052–1056. PMID: 9840239

14. Jereb M, Lunacek NK, Kotar T, Saksida A, Petrovec M, et al. (2011) Procalcitonin in hantavirus infec-
tions. Scand J Clin Lab Invest 71: 287–291. doi: 10.3109/00365513.2011.560675 PMID: 21344982

15. Yilmaz G, Koksal I, Topbas M, Yilmaz H, Aksoy F (2010) The effectiveness of routine laboratory find-
ings in determining disease severity in patients with Crimean-Congo hemorrhagic fever: severity pre-
diction criteria. J Clin Virol 47: 361–365. doi: 10.1016/j.jcv.2010.01.010 PMID: 20149724

16. Gul S, Ozturk DB, Kisa U, Kacmaz B, Yesilyurt M (2015) Procalcitonin levels and their predictive effect
on mortality in Crimean-Congo Hemorrhagic Fever Patients. Jpn J Infect Dis.

17. Bianchi ME, Agresti A (2005) HMG proteins: dynamic players in gene regulation and differentiation.
Curr Opin Genet Dev 15: 496–506. PMID: 16102963

18. Stros M (2010) HMGB proteins: interactions with DNA and chromatin. Biochim Biophys Acta 1799:
101–113. doi: 10.1016/j.bbagrm.2009.09.008 PMID: 20123072

19. Scaffidi P, Misteli T, Bianchi ME (2002) Release of chromatin protein HMGB1 by necrotic cells triggers
inflammation. Nature 418: 191–195. PMID: 12110890

20. Dumitriu IE, Baruah P, Valentinis B, Voll RE, Herrmann M, et al. (2005) Release of high mobility group
box 1 by dendritic cells controls T cell activation via the receptor for advanced glycation end products. J
Immunol 174: 7506–7515. PMID: 15944249

21. Sunden-Cullberg J, Norrby-Teglund A, Rouhiainen A, Rauvala H, Herman G, et al. (2005) Persistent
elevation of high mobility group box-1 protein (HMGB1) in patients with severe sepsis and septic shock.
Crit Care Med 33: 564–573. PMID: 15753748

22. Yang R, Harada T, Mollen KP, Prince JM, Levy RM, et al. (2006) Anti-HMGB1 neutralizing antibody
ameliorates gut barrier dysfunction and improves survival after hemorrhagic shock. Mol Med 12: 105–
114. PMID: 16953558

23. Ito Y, Torii Y, Ohta R, Imai M, Hara S, et al. (2011) Increased levels of cytokines and high-mobility
group box 1 are associated with the development of severe pneumonia, but not acute encephalopathy,
in 2009 H1N1 influenza-infected children. Cytokine 56: 180–187. doi: 10.1016/j.cyto.2011.07.016
PMID: 21862344

24. Nowak P, Barqasho B, Sonnerborg A (2007) Elevated plasma levels of high mobility group box protein
1 in patients with HIV-1 infection. AIDS 21: 869–871. PMID: 17415043

25. Borde C, Barnay-Verdier S, Gaillard C, Hocini H, Marechal V, et al. (2011) Stepwise release of biologi-
cally active HMGB1 during HSV-2 infection. PLoS One 6: e16145. doi: 10.1371/journal.pone.0016145
PMID: 21283827

26. Allonso D, Belgrano FS, Calzada N, Guzman MG, Vazquez S, et al. (2012) Elevated serum levels of
high mobility group box 1 (HMGB1) protein in dengue-infected patients are associated with disease
symptoms and secondary infection. J Clin Virol 55: 214–219. doi: 10.1016/j.jcv.2012.07.010 PMID:
22884669

27. Allonso D, Vazquez S, Guzman MG, Mohana-Borges R (2013) High mobility group box 1 protein as an
auxiliary biomarker for dengue diagnosis. Am J Trop Med Hyg 88: 506–509. doi: 10.4269/ajtmh.2012.
12-0619 PMID: 23269659

28. Korva M, Saksida A, Kunilo S, Vidan Jeras B, Avsic-Zupanc T (2011) HLA-associated hemorrhagic
fever with renal syndrome disease progression in slovenian patients. Clin Vaccine Immunol 18: 1435–
1440. doi: 10.1128/CVI.05187-11 PMID: 21775516

29. Saksida A, Duh D, Korva M, Avsic-Zupanc T (2008) Dobrava virus RNA load in patients who have hem-
orrhagic fever with renal syndrome. J Infect Dis 197: 681–685. doi: 10.1086/527485 PMID: 18269319

30. Swanepoel R, Gill DE, Shepherd AJ, Leman PA, Mynhardt JH, et al. (1989) The clinical pathology of
Crimean-Congo hemorrhagic fever. Rev Infect Dis 11 Suppl 4: S794–800. PMID: 2749111

31. Jaaskelainen KM, Kaukinen P, Minskaya ES, Plyusnina A, Vapalahti O, et al. (2007) Tula and Puumala
hantavirus NSs ORFs are functional and the products inhibit activation of the interferon-beta promoter.
J Med Virol 79: 1527–1536. PMID: 17705180

32. Kim JH, Kim SJ, Lee IS, Lee MS, Uematsu S, et al. (2009) Bacterial endotoxin induces the release of
high mobility group box 1 via the IFN-beta signaling pathway. J Immunol 182: 2458–2466. doi: 10.
4049/jimmunol.0801364 PMID: 19201901

33. Lu B, Antoine DJ, Kwan K, Lundback P, Wahamaa H, et al. (2014) JAK/STAT1 signaling promotes
HMGB1 hyperacetylation and nuclear translocation. Proc Natl Acad Sci U S A 111: 3068–3073. doi:
10.1073/pnas.1316925111 PMID: 24469805

34. Parrish W, Ulloa L (2007) High-mobility group box-1 isoforms as potential therapeutic targets in sepsis.
Methods Mol Biol 361: 145–162. PMID: 17172710

HMGB1 in Viral Hemorrhagic Fevers

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004804 June 27, 2016 10 / 10

http://www.ncbi.nlm.nih.gov/pubmed/9840239
http://dx.doi.org/10.3109/00365513.2011.560675
http://www.ncbi.nlm.nih.gov/pubmed/21344982
http://dx.doi.org/10.1016/j.jcv.2010.01.010
http://www.ncbi.nlm.nih.gov/pubmed/20149724
http://www.ncbi.nlm.nih.gov/pubmed/16102963
http://dx.doi.org/10.1016/j.bbagrm.2009.09.008
http://www.ncbi.nlm.nih.gov/pubmed/20123072
http://www.ncbi.nlm.nih.gov/pubmed/12110890
http://www.ncbi.nlm.nih.gov/pubmed/15944249
http://www.ncbi.nlm.nih.gov/pubmed/15753748
http://www.ncbi.nlm.nih.gov/pubmed/16953558
http://dx.doi.org/10.1016/j.cyto.2011.07.016
http://www.ncbi.nlm.nih.gov/pubmed/21862344
http://www.ncbi.nlm.nih.gov/pubmed/17415043
http://dx.doi.org/10.1371/journal.pone.0016145
http://www.ncbi.nlm.nih.gov/pubmed/21283827
http://dx.doi.org/10.1016/j.jcv.2012.07.010
http://www.ncbi.nlm.nih.gov/pubmed/22884669
http://dx.doi.org/10.4269/ajtmh.2012.12-0619
http://dx.doi.org/10.4269/ajtmh.2012.12-0619
http://www.ncbi.nlm.nih.gov/pubmed/23269659
http://dx.doi.org/10.1128/CVI.05187-11
http://www.ncbi.nlm.nih.gov/pubmed/21775516
http://dx.doi.org/10.1086/527485
http://www.ncbi.nlm.nih.gov/pubmed/18269319
http://www.ncbi.nlm.nih.gov/pubmed/2749111
http://www.ncbi.nlm.nih.gov/pubmed/17705180
http://dx.doi.org/10.4049/jimmunol.0801364
http://dx.doi.org/10.4049/jimmunol.0801364
http://www.ncbi.nlm.nih.gov/pubmed/19201901
http://dx.doi.org/10.1073/pnas.1316925111
http://www.ncbi.nlm.nih.gov/pubmed/24469805
http://www.ncbi.nlm.nih.gov/pubmed/17172710

