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Hantavirus Induced Kidney Disease

Sheema Mir*

College of Veterinary Medicine, Western University of Health Sciences, Pomona, CA, United States

Hantavirus induced hemorrhagic fever with renal syndrome (HFRS) is an emerging
viral zoonosis affecting up to 200,000 humans annually worldwide. This review article
is focused on recent advances in the mechanism, epidemiology, diagnosis, and
treatment of hantavirus induced HFRS. The importance of interactions between viral and
host factors in the design of therapeutic strategies is discussed. Hantavirus induced
HFRS is characterized by thrombocytopenia and proteinuria of varying severities. The
mechanism of kidney injury appears immunopathological with characteristic deterioration
of endothelial cell function and compromised barrier functions of the vasculature.
Although multidisciplinary research efforts have provided insights about the loss of
cellular contact in the endothelium leading to increased permeability, the details of
the molecular mechanisms remain poorly understood. The epidemiology of hantavirus
induced renal failure is associated with viral species and the geographical location of
the natural host of the virus. The development of vaccine and antiviral therapeutics is
necessary to avoid potentially severe outbreaks of this zoonaotic illness in the future. The
recent groundbreaking approach to the SARS-CoV-2 mRNA vaccine has revolutionized
the general field of vaccinology and has provided new directions for the use of this
promising platform for widespread vaccine development, including the development of
hantavirus mRNA vaccine. The combinational therapies specifically targeted to inhibit
hantavirus replication and vascular permeability in infected patients will likely improve the
disease outcome.
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INTRODUCTION

Viral hemorrhagic fever refers to a multisystem syndrome triggered by severe damage to the
vascular system by the viruses from six distinct families: Filoviridae, Arenaviridae, Hantaviridae,
Nairoviridae, Phenuiviridae, and Flaviviridae (Table 1). The disease symptoms are accompanied
by fever and hemorrhage (bleeding), although the bleeding by itself is hardly ever life-threatening.
These enveloped RNA viruses are carried by animal or arthropod vectors in nature. Humans are
infected by contact with infected hosts or their contaminated body fluids such as saliva, feces, or
blood. The mode of transmission and severity of the disease depends upon virus species, although
each can cause hemorrhagic fever. Outbreaks of viral hemorrhagic fever are sporadic and their
occurrences are not easily predictable. Based on certain characteristics such as morbidity and
mortality, the possibility of person-to-person transmission, aerosolic dissemination, availability
of vaccine or therapeutic treatments, stability in the environment, and potential for large scale
production etc, some of the hemorrhagic fever viruses have been classified as potential bio-warfare
agents. These viruses include Ebola, Marburg, Lassa fever, Machupo, Junin, Guanarito, Sabia, Rift
valley fever, yellow fever, Omsk hemorrhagic fever, and Kyasanur forest disease (1). Among other
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TABLE 1 | Hemorrhagic fever virus.

TABLE 2 | Old world hantaviruses species.

Family Virus Disease

Filoviridae Ebola', Marburg Ebola HF, Marburg HF

Arenaviridae Lassa, NW Arenaviruses® Lassa fever, NW2 hemorrhagic fever.
Nairoviridae ~ CCHFV® CCHF hemorrhagic fever

Phenuiviridae RVFV*

Hantaviridae New word hantavirus

Rift valley fever

Hantavirus cardiopuimonary syndrome

Old world hantavirus Hemorrhagic fever with renal

syndrome
Flaviviridae ~ Dengue Dengue fever, Dengue HF, Dengue SY®
YFVE VYellow fever
Omsk HFV? Omsk hemorrhagic fever

Kyasanur FDV® Kyasanur forest disease

"There are four subtypes of Ebola (Zaire, Sudan, Ivory Coast and Reston), Ebola HF
stands for Ebola hemorrhagic fever and Marburg HF stands for Marburg hemorrhagic
fever. 2Stands for New word ArenavirusesThe new word Arena viruses include (Machupo,
Junin, Guanarito, Sabia). 3Crimean Congo Hemorrhagic Fever Virus. *Rift Valley Fever
Virus. ®Dengue shock syndrome. ®Yellow Fever Virus. " Osmak Hemorrhagic Fever Virus.
8Kyasanur Forest Disease Virus. The information presented in this table was obtained
from (1).

hemorrhagic fever viruses (Table 1), the old-world hantaviruses
are known to cause hemorrhagic fever with renal syndrome
(HFRS), a group of clinically similar illnesses targeting
the kidney.

Hantaviruses are emerging negative strand RNA viruses and
members of the Hantaviridae family (2-4). They are carried
by rodents, and humans get infected by the inhalation of
aerosolized excreta such as saliva and urine droppings of infected
rodent hosts (5-8). Their infection causes a significant impact
on human health (8, 9). Hantavirus species such as Puumala
virus (PUUV), Seoul virus (SEOV), Dobrava Belgrade virus
(DOBYV), and hantaan virus (HTNV) are predominantly found
in Asia and Europe and are referred to as old world hantaviruses
(Table 2). The hantavirus species such as Sin Nombre virus
(SNV) and Andes virus (ANDV) are mostly found in America
are referred to as new world hantaviruses. Old and new world
hantaviruses have distinct pathologies. Old world hantaviruses
infect the highly specialized and differentiated endothelial cells
of the kidney, causing acute renal failure with tubular and
glomerular involvement, which is referred to as hemorrhagic
fever with renal syndrome (HFRS). The new world hantaviruses
cause hantavirus cardiopulmonary syndrome (HCPS) (24), a
fibril illness characterized by respiratory failure and cardiac
dysfunction. The mortality rates of HFRS and HCPS can go as
high as 15 and 50%, respectively, in certain outbreaks (25, 26).
Annually, 150,000 to 200,000 cases of hantavirus infection are
reported worldwide (27), and more than 50,000 reported cases
are found in China alone. There is no FDA approved vaccine or
an antiviral therapeutic against hantavirus infections.

Under an electron microscope hantavirus particles appear
spherical in shape (28). The three hantaviral genomic RNA
segments: S, M, and L encode viral nucleocapsid protein
(N-protein), glycoprotein precursor (GPC), and viral RNA
dependent RNA polymerase (RdRp), respectively. The GPC

Virus

Host

Geographical
distribution/reference

Hantaan (HTNV)

Seoul (SEOV)

Dobrava (DOBV)
Saaremaa (SAAV)
Thailand (THAIV)
Amur (AMRV)
Puumala (PUUV)
Hokkaido (HOKV)

Tula (TULV)

Prospect Hill (PHV)
Bloodland Lake (BLLV)
Isla Vista (ISLAV)
Khabarovsk (KHAV)
Topografov (TOPV)
Thottapalayam (TPMV)

Striped field mouse
Rat worldwide
Yellow-necked mouse
Striped field mouse
Bandicoot rat

Korean field mouse
Bank vole

Red bank vole
European common vole
Meadow vole

Prairie vole

Californian vole

Reed vole

Lemming

Shrew

Asia (10)
Worldwide (11)
Europe (9)

Europe (12)
Thailand (13)

Asia (14)

Europe (15)

Asia (16)
Europe/Russia (17)
North America (18)
North America (19)
North America (20)
Asia/East Russia (21)
Siberia/Russia (22)
Asia/India (23)

precursor is post-translationally cleaved in the middle generating
two glycoprotein Gn and Gc that are incorporated in the
virus envelop (29). Hantaviruses primarily target endothelial
cells with the receptor (B3 integrin) for virus attachment
and entry. Hantaviruses use surface glycoproteins to attach
to the cell surface receptor of the target cell (Figure1). The
endothelial cells make the internal linings of blood vessel
walls, making the body’s vascular system susceptible to viral
infection. Hantavirus replication occurs exclusively in the host
cell cytoplasm (Figure 1). Immediately after entering into the
host cell, viral uncoating occurs and viral RdRp initiates
transcription by a unique cap snatching mechanism to generate
5" capped viral mRNAs (30-32). The multifunctional N-protein
plays diverse roles in the virus replication cycle. It is involved
in viral transcription initiation in conjunction with viral RdRp,
facilitates mRNA translation, and encapsidates the viral genome
(33-36). Since this article is mainly focused on hantavirus
induced HFRS that leads to AKI, a brief overview of AKI is
presented below, followed by discussion of hantavirus induced
HEFRS leading to AKI. Consistent with the objectives of this
journal, the review article provides a link between basic research
and clinical practice, with special emphasis on studies that are
directly relevant to patient care.

Acute Kidney Injury (AKI)

AKI refers to the rapid decrease in the renal filtration function
of the kidney. The condition is primarily observed by increased
levels of blood urea nitrogen (BUN) and creatinine. AKI is
a general healthcare problem affecting up to 40% of patients
admitted to critical care hospital units (37). Apart from
predisposition risk factors, the degenerative processes affecting
renal epithelium and vasculature play an important role in
AKI (38). Moreover, innate and adaptive immune responses
impacting renal epithelium and vasculature functions also
contribute to AKI (38). Apoptosis and necrosis of tabular
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FIGURE 1 | A simple graphical sketch of the hantavirus replication cycle. Hantavirus particles harboring the three nucleocapsids (blue) bind the host cell surface
receptor. After entry virus uncoating takes place and capped viral MRNAs are synthesized by transcription. Viral RdRp replicates the viral genome. Viral proteins are
synthesized by the host translation machinery. Glycoprotein Gn and Gc are transported to Golgi. During virus assembly, the nucleocapsids meet the glycoprotein on
the Golgi surface and new virus particles are born inside the Golgi, which then egress the cell through secretary mechanisms. In some hantaviruses, the assembly
occurs on the host cell membrane (red line). In this case, nucleocapsids meet the glycoprotein on the cell membrane that are transported through Golgi.

epithelium can lead to nephron loss accompanied by the and cytokine expression along with elevated innate and adaptive
activation of the immune response, resulting in the decline of = immune cell response are observed during renal ischemia,
the kidney’s filtration capacity (39). The increased chemokine  another major cause of AKI (39). However, the T-regulatory cell
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(Treg) response prevents kidney tissue damage by suppressing
the inflammatory response to self-antigens (40). Oxidative stress
is another leading cause of AKI. Mitochondrial dysfunction due
to renal ischemia may lead to increased production of reactive
oxygen species (ROS), promoting AKI due to acute tubular
necrosis (40). The use of mitochondria specific ROS scavenger
(Mito-TEMPO) (41) and stimulation of mitochondria biogenesis
by formoterol has been reported to improve AKI in animal
models (42). Thus, selective improvement in mitochondrial
function can reduce kidney injury and ultimately reverse
AKI. Endoplasmic reticulum (ER) stress, occurring due to the
accumulation of misfolded proteins in the ER can also lead to
AKI. The stress can be relieved by the expression of molecular
chaperons such as, heat shock proteins that transiently bind
the misfolded target proteins and help them to refold correctly
and attain proper biological function. The unrelieved ER stress
has been shown to generate reactive oxygen species (ROS) that
ultimately lead to AKI by apoptosis or acute tubular necrosis (43).
Nephrotoxic drugs such as tuncamycin have been reported to
induce ER stress due to protein misfolding (44). Induction of heat
shock protein expression in AKI rodent models has been reported
to improve AKI by preventing tubular necrosis (45). The induced
expression of pro-apoptotic mediators CHOP/GADD153 due
to severe ER stress is consistent with the observed loss of
nephron epithelial cells by apoptosis during AKI (46, 47). The
use of a chemical chaperone 4-phenylbutyrate reduced both
the CHOP/GADDI53 protein expression and tubular necrosis
in nephrotoxin induced AKI mouse models (44). ER stress
inhibitors such as 4-phenylbutyrate have demonstrated efficacy
in reducing AKI in preclinical trials (44, 48). The endothelium
regulates the blood flow to the local tissue beds and modulates
numerous processes related to coagulation, inflammation and
vascular permeability (38). The severe impact on endothelium
due to AKI leads to microvasculature dysfunction, causing
further injury and complications in renal function (49, 50).
Due to limited regenerative power of per-tubular capillaries, the
endothelial damage due to AKI leads to their rarefaction, causing
interstitial fibrosis and increased risk of chronic kidney disease
(CKD) (39, 49-51).

HANTAVIRUS INDUCED HFRS LEADS TO
AKI

The old-world hantaviruses primarily target the kidney,
explaining why the hantavirus disease was initially called
“nephropathia epedemica (NE)” in the western world. The
kidney tropism and molecular mechanism of NE remain poorly
understood. Later WHO started to refer to the old world
hantavirus disease as HFRS, although the term HFRS is most
popular in Asia and eastern Russia where the disease due to
Hantaan virus (HTNV) species is more severe compared to
Puumala virus (PUUV) induced NE in Europe and western
Russia (52). Hantavirus induced HFRS is listed as one of the
fifteen major factors leading to acute kidney injury (AKI) in
the Western world (53, 54). Both HCPS and HFRS patients
present non-specific flue-like symptoms such as fever, headache,

abdominal pain, malaise, and nausea to the clinic. This
early febrile phase may last for 2-3 days and is followed
by a hypotensive phase in which patients present severe
thrombocytopenia, elevated levels of lactate dehydrogenase,
C-reactive protein, increased vascular leakage, and leukocytosis
(5). Thrombocytopenia was observed in 80% of documented
PUUV infections and is even more frequent in other HFRS
causing viruses such as HINV, DOBYV, and SEOV. In the 1996
NE outbreak in Belgium, the platelet level at the time of patient’s
admission to the clinic was reported below 150,000/ml in 79%
of 217 infected patients (55). After the hypotensive phase, the
oliguric phase begins during which viral infection manifests in
different organs. In HCP patients, cardiopulmonary involvement
is predominantly observed although renal symptoms cannot
be completely ruled out. However, HFRS and NE selectively
impact the kidney. The laboratory examination of HEFRS
and NE patient samples shows proteinuria and high serum
creatinine concentrations. The urinalysis shows hematuria and
albuminuria (5). Proteinuria is a constant sign in all HFRS
and HCPS patients, even though HCPS does not primarily
target the kidney (56). Proteinuria has been reported in 100%
of HCPS cases. The proteinuria in HFRS can be as high as 29
g/L (56), and some severely ill patients may require dialysis.
The severe kidney injury by DOBYV infection prompted dialysis
in 30% of infected patients in an outbreak in Greece (57).
Due to their high frequency, a case presentation without early
thrombocytopenia and proteinuria is likely not a hantavirus
case, even in HCP patients (56). Acute renal failure (ARF) in
the oliguric phase is observed in 90-95% of HFRS patients
infected with old world hantaviruses, although the ARF due
to PUUV induced NE can be mild (5). An examination of 217
patients in PUUV induced NE outbreak in 1996 in Belgium
revealed that 70% of infected patients developed ARF with
serum creatinine levels ranging between 1.6 to 20.72 mg/dl
(55). Acute myopia is another most common presenting sign
in about 25% of NE cases (58). This early transient ophthalmic
sign is very specific for old world hantavirus infections due
to its absence in other acute infections mimicking HFRS (56).
The oliguric phase is followed by the diuretic phase in which
high proteinuria rapidly starts to decrease and renal function
gradually improves. The proteinuria lasting for years due to
hantavirus infection has never been previously demonstrated
convincingly (59). However, a recent follow-up study (7-35
months) on 456 PUUV infected patients in Germany revealed
hematuria, hypertension, and proteinuria in 25, 23, and 7%
patients, respectively (60). NE-associated hypertension and
proteinuria do not appear to be concerning in the long run, but
NE-associated hematuria might (60). During convalescent phase
patients completely recover. Due to a favorable prognosis, the
mortality rate of PUUV induced NE is <1% (61), although long
term hypertension and hematuria due to PUUV infection are
being discussed (62). The mortality rate of 5-15% in HFRS is
likely due to several complications including renal insufficiency,
edema, hemorrhages, encephalopathy, and shock (5). Although
the predisposition factors may impact the hantavirus disease
outcome, the severity of illness mostly depends upon the
hantavirus species causing the infection (11).
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FIGURE 2 | Hantavirus infection damages the contacts between endothelial cells. Human renal glomerular endothelial cells were infected with puumala hantavirus.
Cells were examined by immunofluorescence microscopy. Hantavirus nucleocapsid protein is shown by red color and the tight junction marker protein (ZO-1) is shown
by green color. The uninfected cells on the left show well-organized cell-to-cell contacts evident from continuous peripheral staining of ZO-1. The uninfected cells form
an intact monolayer. The virus-infected cells on the right display discontinue ZO-1 staining, demonstrating the breakdown of endothelial barrier function. This picture
was borrowed from (5) and is reused with permission from the Nature publishing group.

Mechanism of Hantavirus Induced AKI

The clinical description of HFRS is an acute renal failure
with significantly elevated proteinuria caused by tubular
and glomerular involvement. The interdisciplinary research
approaches from molecular virology, epidemiology, and
nephrology have provided crucial insights into the pathogenesis
of hantavirus infection. The mechanism of kidney injury
appears immunopathological, characterized by deterioration of
endothelial cell function and compromised barrier functions
of the vasculature, likely due to cytokine storm in infected
patients during the virus infection (Figure2). Infection of
human renal cells critical for barriers functions of the kidney
such as podocytes, tubular epithelial and glomerular endothelial
cells revealed disturbances in structure and integrity of cell to
cell contacts, observed by redistribution and reduction of the
light junction protein ZO-1 along with decreased transepithelial
resistance in infected epithelial monolayers (63) (Figure 4).
The in-depth molecular details of hantavirus induced AKI
remain poorly understood. As the human leukocyte antigen
(HLA) haplotypes were found to play a role in the outcome of
hantavirus disease (70-72), the severity of hantavirus infection
in certain endemic areas may likely be influenced by the genetic
susceptibility due to the prevalence of certain HLA genes in the
inhabitant population (5). The relationship between HLA alleles
and disease severity suggests the involvement of T-cell mediated
immune response in hantavirus infection. This is supported
by the observations of elevated CD8+ cell count in HCPS and
HFRS patients (73, 74). The characteristic feature of hantavirus
induced AKI is the increased vascular permeability without
apoptotic damage to the capillary endothelium, suggesting
the likely breakdown of endothelium due to cytokine release
(Figure 3). This immunological rather than anatomical insult
to the endothelium is reflected by the scarcity of renal lesions
on kidney biopsies (56). The observed lesions are largely

normal except interstitial edema sometimes accompanied with
patchy monocellular infiltrate can be noted. The lesions with
interstitial microhemorrhages are very rare and exceptional
(52, 56). The primary function of the endothelium is to regulate
vascular permeability. However, upon hantavirus infection,
the endothelial cells up-regulate certain signaling pathways
and induce the expression of proinflammatory cytokines,
thereby manifesting the amplified immune response for the
rapid recruitment of immune cells at the site of inflammation
(Figure 4). The vigorous immune response activates the
compliment system and triggers the release of proinflammatory
cytokines that interfere in endothelial cell function and likely
induce vascular permeability. Although numerous cytokines
are released in humans (75), the identification of cytokines
mediating the vascular leakage could provide new directions
for therapeutic strategies of hantavirus induced AKI. T-
regulatory cells (TRegs) on the other hand are known to prevent
kidney injury by suppressing the proinflammatory response.
Interestingly, the TReg response is down-regulated in humans
during hantavirus infection (76-78), which may likely contribute
to the inflammation-mediated AKI in hantavirus infected
patients. In contrast, the up-regulated Treg response promotes
hantavirus persistence in infected rodent hosts (79). Although
the elevated levels of T cells and cytokine producing cells in
hantavirus infected patients support the cytokine induced
vascular leakage during hantavirus AKI (80), a recent study
demonstrated that depletion of T cells did not impact the
outcome of hantavirus disease in a Syrian hamster model (81).
Another hypothesis of increased vascular leakage during
hantavirus induced AKI stems from the observations that over-
expressed vascular endothelial growth factor (VEGF) could
impact vascular permeability by promoting the degradation of
VE-cadherin (81-84). VE-cadherin is an important adhesion
molecule facilitating intracellular contacts between endothelial
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FIGURE 3 | Brief overview of Hantavirus replication cycle and therapeutic targets. The virus binds to the host cell’s receptor. After entry, virus uncoating takes place
and virus replication is initiated. N protein binds to the host mRNA caps (36). RdRp binds to the N protein through C-terminus (33). The N-terminal endonuclease
domain of RdRp cleaves the host cell MRNA at a “G” residue 14 nucleotides downstream of the 5’ cap to generate the capped RNA primer (30). The primer anneals
with the 3’ terminus of the viral genome and transcription is initiated by the prime and re-align mechanism. Potential therapeutic targets are shown by the arrow.

cells and regulating vascular permeability (85). One more in vitro
study has suggested the role of the kallikrein-kinin system (KKS)
in the vascular leakage of hantavirus infected patients (65).
Activation of this system results in the release of a nine amino
acid long peptide called bradykinin (BK) (86). The BK is an
extremely potent inflammatory molecule that plays an active role
in the vasodilation and increased permeability of the vasculature
(87-89). The in vitro finding of increased KKS activation,
clinical studies demonstrating activation of prekallikrein (an
intermediate in the KKS cascade), and successful treatment of
PUUV infected HFRS patients using BK antagonists suggest
that KKS activation and release of BK might play a role in the
hantavirus induced AKI (65, 90).

Epidemiology of Hantavirus Induced
Kidney Injury

The epidemiology of hantavirus induced kidney injury is related
to the hantavirus species and the geographical distribution
of the natural host carrying the virus (Table 2). Mostly, the
hantavirus induced AKI is caused by old world hantaviruses

born out of Myodes, Rattus, and Apodemus rodents. Hantavirus
infections in other animals such as shrews, bats, and moles are
considered spillover infections and there is little information
about their transmission and severity of disease in humans
(Table 2) (91). The chances of acquiring the disease are based
on the exposure of humans to rodents or their infected
excreta in the endemic zones of the disease. The human-
human transmission has not been reported in old world
hantaviruses. Moreover, the human - rodent contacts are
influenced by numerous factors such as climate changes and
disturbances in rodent habitats by deforestation may favor the
migration of rodents to human dwellings [discussed in detail
in (27)].

Hantan virus (HTNV) and Seoul virus (SEOV) infections
are mostly found in Eurasia, especially in China, south Korea,
east Russia, and northern Europe. China has the highest
HERS case load in the world, accounting for more than 90%
of the total number of HFRS cases worldwide (92). From
2006 to 2012a total number of 77,558 HFRS cases and 866
deaths were reported in China alone. More than 90% of these
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FIGURE 4 | Hantavirus induced kidney injury. A flow chart showing the involvement of cytokines [IL-1, IL-2, IL-6, IL-10, IL-12, TNF-, INF-, and vascular endothelial
growth factor (VEGF) and chemokines] [RANTES, monocyte chemoattractant protein-1 (MCP-1), IP-10, and IL-8. ICAM-1, intercellular adhesion molecule-1;
PECAM-1, platelet-endothelial cell adhesion molecule-1; VCAM, vascular cell adhesion molecule-1] in hantavirus induced kidney injury (64). Increased bradykinin
levels can also trigger cytokine storms during hantavirus infection (65). the most severe vascular affection includes congestion and permeability disturbances during
the early phases, followed by severe blood stasis accompanied by leakage, extensive interstitial hemorrhage, severe endothelial degenerative changes, and
occasionally anemic necrosis in the deeper medulla that culminate into kidney injury (64, 66-69).

Humoral immunity

cases were clustered in nine provinces and mainly reported
in the spring and autumn seasons (93). Observed SEOV
infection in urbanized cities has put an end to the earlier
thoughts that hantavirus infection is a rural disease (63, 94—
96). PUUV associated AKI is found throughout the European
content within the range of Myedous Glareolus habitat. In
Europe, 35,424 cases of PUUV were reported by the end of
2006, although most of these cases were reported to have
an origin from Finland (63, 97, 98). Other countries having
significant cases of PUUV kidney injury include Sweden,
Belgium, France, Germany, and Norway (97). The DOBV
infections are most common in the Balkan region, although
both PUUV and DOBV seroprevalence is reported in different
Balkan countries including Bosnia, Greece, Slovenia (99, 100).
Hantavirus induced HFRS likely occur in other Asian countries
as the hantavirus antibodies have been found in rodents and
humans in Thailand (101, 102), Indonesia (103, 104), and India
(105). The epidemiological studies have revealed that males are
more prone to hantavirus infection as compared to females.
The male: female disease ratios vary from 2-5:1. However,
the fatality rates of infected females are higher compared to
males (106-108). Apart from gender, the clinical parameters
play a role in the prediction of hantavirus disease severity.
For example, patients with low blood platelet count (<60G/1)
usually suffer from severe acute renal failure characterized by
high creatinine levels in the serum (>620 pwM/1) (5, 109). The
discovery of 23 hantavirus species and their broad host ranges
have potentially elevated the future risks of broad-spectrum
epidemics among populations.

Diagnosis of Hantavirus Infection

The serologic tests detecting IgM and/or IgG antibodies to
hantavirus antigen are most commonly used for the diagnosis
of HFRS and HCPS in suspected patients. The IgG and IgM
antibodies against hantavirus N protein can be detected in
all most all acute HFRS and HCPS cases upon the onset of
symptoms. The recombinant N protein purified from numerous
expression systems such as E.coli (110, 111), baculovirus (112),
saccharomyces (113, 114), plant (115, 116)and mammalian
systems (117) is used as antigen for serologic testing. All three
structural proteins (N protein, glycoproteins Gn and Gc) can
trigger IgM response at the onset of symptoms (15, 118, 119),
however, the IgG response to glycoproteins may be delayed (120).
The most common serologic method for hantavirus diagnosis
is the rapid IgM capture ELISA method developed by the
U.S Army Medical Research Institute of Infectious Diseases
and Centers for Disease Control and Prevention (CDC) (121).
The test can be completed in 4-6h (27). The rapid IgM
immunochromatography strip test is commercially available for
diagnosis of hantavirus infection.

Very specific and rapid diagnostic tests have been developed
based on the identification of viral genome in the infected patient
samples such as blood, serum, or tissue samples. This sensitive
assay can detect the hantavirus infection from day one after the
onset of symptoms. However, there are reports that identification
of viral genome in infected patient samples can be detected
before the first day of the onset of symptoms (122, 123). At this
stage, the viral genome can be detected before the appearance
of IgM against hantavirus antigens (124). The assay involves
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the reverse transcription of the viral genome from the patient
samples and PCR amplification of the required viral sequence
using the appropriate primer set. Due to low levels of viral RNA
in infected patient samples, a nested PCR may be required, using
primers targeted to the genomic regions of high homology. The
nested PCR approach as a diagnostic method has been developed
for HTNV (125), SNV (126), and PUUV (124). Development
of multiplex PCR based diagnostic approaches focused on the
identification of numerous infectious pathogens from a single
patient sample in a short turnaround time is required for quick
diagnostic answers and initiation of counter measures to improve
disease prognosis. The rapid IgM immunochromatography strip
test is commercially available for the diagnosis of hantavirus
infection (127). In addition, the rapid HFRS IgG/IgM combo test
is also available that simultaneously detects both IgG and IgM
antibodies in the serum. since patients develop higher titers of
IgM antibody at the time of clinical presentation, the rapid IgM
test is more reliable for the detection of acute infection.

Differential Diagnosis

It is important to include leptospirosis and hantavirus infection
in the differential diagnosis of acute renal failure (128). Both
leptospirosis and HFRS present with classical flu-like symptoms
and may be complicated by thrombotic microangiopathy
with hemorrhagic phenomena and hepatic and pulmonary
involvement (128). However, Jaundice should alert the physician
to icteric leptospirosis (128). In high-risk areas, HFRS should
be included in the differential diagnosis of acute renal failure
of uncertain cause associated with febrile illness, hemorrhagic
phenomenon, renal or hepatic dysfunction (129). In addition,
the differential diagnosis of hantavirus induced HFRS should
include spotted fevers, murine typhus, malaria, hepatitis (non-A,
non-B), Colorado tick fever, septicemia, heat shock, leptospirosis,
hemolytic uremic syndrome, acute abdominal disease and acute
kidney injury (129).

Vaccines Against Hantaviruses

In the United States and Europe, there is no FDA approved
vaccine or antiviral therapeutic available for any of the
hemorrhagic fever viruses including hantaviruses causing HFRS
or NE or HCPS. Thus, except for supportive care, there is
no treatment for hantavirus infection at present. However,
in Korea, an inactivated hantaan virus vaccine (Hantavax ™)
was developed that was put into commercial production in
1990 (130). Although a three dose schedule of this inactivated
vaccine showed 90.14% seroconversion in phase III clinical trial,
there was no statistically significant protective effect on HFRS
patients (131). In China, a bivalent inactivated vaccine against
the Hantaan virus and Seoul virus was produced in 1994 that
was approved by the Pharmacopeia of China in 2005 (132).
Under the expanded immunization program against HFRS by
the government of China, approximately 2 million doses of
HEFRS inactivated bivalent vaccine are used annually (132, 133).
HFRS cases have dropped in China after the introduction of an
inactivated bivalent vaccine, suggesting the induction of effective
humoral immunity that can be maintained up to 33 months after
vaccination (132, 133).

The previous research focus was to develop a DNA vaccine
against HFRS and HCPS (134). The focus was to express the
hantavirus M protein from a plasmid harboring the M gene.
Plasmid DNA based vaccines have advantages as they can’t
replicate or restore virulence and can’t spread to the environment
(93, 134). Numerous plasmids expressing the M protein from
several hantavirus species were developed by the Hopper’s group
and tested for the development of neutralizing antibody response
in Syrian hamsters [Reviewed (93)]. During vaccination, the
plasmid DNAs were introduced into the host by a gene gun
approach (93, 134). The M gene was cloned in the expression
vector WRG 7077 and the resulting plasmids were introduced
into hamster and non-human primate models, followed by
the evaluation of antibody response (135). Interestingly the
expression of Hantaan virus M gene was protective against
Hantaan, Seoul and Dobrava virus infections in the hamster
model (136). The Rhesus monkeys inoculated with plasmid
(pWRG/ANDV-M) expressing the Andes virus M gene, using
a gene gun approach, developed higher levels of neutralizing
antibodies, and the resulting monkey serum protected 100%
of infected hamsters from the fatal hantavirus disease (137).
Hoppers's group has used different combinations of plasmids
to determine whether simultaneous expression of M gene from
different hantavirus species generates a broad immune response
protective against multiple hantavirus species. Interestingly, a
mixture of plasmids targeting a total of four HCPS and HFRS
viruses triggered neutralizing antibodies against all four of
them (138). Thus, the plasmid DNA vaccine technology against
hantaviruses has created hope for the development of FDA
approved vaccine against hantaviruses. The Andes virus DNA
vaccine entered clinical trains in 2019. The DNA vaccine trials
against HTNV are under way (139).

mRNA Vaccine for HFRS

The groundbreaking new approach to produce mRNA vaccine
against SARS-CoV-2 by biopharmaceutical industries (Pfizer and
Moderna) in 2020 has given a new direction to the general field of
vaccinology and have created new hope for the rapid production
of vaccines using this technologically advanced approach.
The mRNA vaccines have multiple advantages compared to
traditional subunit vaccines, killed and live attenuated viruses,
as well as DNA-based vaccines. These advantages include safety,
efficacy, and rapid production (140). The mRNA is a non-
infectious, non-integrating platform, there is no potential risk
of infection or insertional mutagenesis (141). The mRNA is
degraded by the host RNA degradation machinery and thus the
half-life of synthetic mRNA can be regulated by the chemical
modification of constituent nucleotides and the modification
of the delivery system used (140-142). The high efficacy of
the mRNA vaccine is achieved by various modifications of the
synthetic mRNA, increasing its stability and translatability. Due
to the high yield of in vitro transcription reactions, the mRNA
vaccines have the potential for rapid and inexpensive scalable
manufacturing. The Conventional mRNA-based vaccines, such
as Pfizer and Moderna mRNA vaccine for SARS-CoV-2, encode
the antigen of interest and contain 5 and 3’ untranslated
regions (UTRs), a 5 cap and a 3’ poly A tail (143-145).
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TABLE 3 | Some of the therapeutic countermeasures against hantavirus induced HFRS, tested in cell culture or animal models.

Therapeutic type Target Mechanism of action Virus Model used

Human MAbs (Fab fragments) Viral Ge Blocks viral entry PUUV Cell culture (151)
Goose PAbs (Igy/AFc) Viral GP Blocks viral entry ANDV Syrian Hamsters (152)
Rat PAbs (serum) Viral GP Blocks viral entry SEOV New born rats (153)
Mice MABs Gc/NP Blocks viral entry HTNV Mice/cell culture (154)
Lactoferin Viral GP/host Blocks viral entry SEOV Cell culture/mice (155)
Peptides (stem IIl) Viral Ge Blocks viral entry ANDV/PUUV Cell culture (156)
Peptidomimetic compounds Host Receptor Blocks viral entry ANDV/HTNV Cell culture (157)
Nucleoside analogs (Ribavirin) RdRp Virus replication PUUV/HTNV Mice (158-160)
Nucleoside analogs (ETAR) RdRp Virus replication HTNV Cell culture (161)
Small molecule inhibitors (K31) NP Virus replication ANDV Cell culture (162)
Small molecule inhibitors (Arbidol) Unknown Virus replication HTNV Cell culture (163)
SiRNA Viral genome Virus replication HTNV Cell culture (164)
Ang-1 and S1P Host Improves vascular functions HTNV/ANDV Cell culture (165)
Corticoids or methylprednisolone Host Hormone (immunotherapy) HTNV Clinical trial (166, 167)

The mRNA is synthesized in vitro, followed by purification by
chromatographic methods such as reverse-phase fast protein
liquid chromatography (FPLC) or high-performance liquid
chromatography (HPLC) (140). The purified mRNA can be
administered with or without a career using a proper delivery
approach to enhance the efficacy (140). Since the hantavirus
M gene encoding the surface glycoproteins has been the focus
of the vaccine development for hantaviruses (93). It is possible
to transcribe the M gene encoding the glycoprotein by an in
vitro transcription system. The mRNA can be engineered to
harbor 5" and 3’ UTRs, known to increase the mRNA translation,
along with a 5" cap and a 3’ poly A tail of appropriate length.
The mRNA can be codon optimized, chemically modified by
incorporating modified nucleotides during synthesis, followed
by chromatographic purification to remove the double strand
RNA contaminants. Strikingly, purification by fast protein liquid
chromatography (FPLC) has been shown to increase protein
production from in vitro transcribed mRNA by up to 1,000.fold
in primary human DCs (146). The purified mRNA can be
tested for immunological response in animal models, followed
by optimization until the appropriate efficacy is achieved.
Vaccination seems to be a viable approach to prevent this
zoonotic infection in at least endemic areas or individuals with
a higher risk for hantavirus exposure. The current vaccination
efforts focused on glycoproteins (139), which elicit a protective
neutralization response (137, 147-150), have created hope for the
development of the hantavirus vaccine.

Vaccination Strategy

Hantavirus vaccine development must also be viewed from a
geographical perspective. A universal hantavirus vaccine will
have to consist of several antigenic components to cover for
all pathogenic hantaviruses. After testing in animal models,
human clinical trials should be carried out in areas with a
higher prevalence of hantavirus infection. Once a safe vaccine
is developed, its distribution among the population might be a
challenge, people may remain less interested in vaccination due

to the relatively low incidence of hantavirus infection worldwide.
However, the vaccination strategy should consider priorities
based on disease susceptibility, age, immunity, and chances for
higher virus exposure such as populations living in rural areas or
health care professionals working in hospital settings.

Therapeutics for Hantavirus Infection

Hantaviruses primarily infect the endothelial cells of various body
organs especially the kidney and lungs. The basic pathological
feature of HFRS is the increased vascular permeability whose
pathogenesis involves high viral load and excessive immune
response of the host. Excessive capillary leakage can lead to
hypotensive shock during HFRS. There are no FDA approved
post-exposure therapeutic interventions for HFRS. However,
several anti-viral drug development strategies have focused to
interrupt the virus attachment to the host cell or disrupt the
post entry steps of the viral replication cycle (Figure 4). Although
some of these countermeasures (Table 3) have shown protective
effects in vitro, none of these countermeasures are approved
by FDA in the United States for clinical use. In addition,
the countermeasure targeting the host system is designed to
improve vasculature functions and rebuild immune homeostasis.
Ribavarin, a nucleoside analog, has shown antiviral activity
in both in vitro and in vivo studies against the members of
Bunyavirales (27). Studies on hantavirus infected patients in
China, suffering from acute kidney injury, has revealed that
ribavarin therapy starting before the end of the first week of
illness reduces the chances of death by seven fold (168, 169).
However, ribavarin therapy on HCPS patients did not show
any promising results. It was observed that 71% of HCPS
patients receiving intravenous ribavarin became anemic and 19%
underwent transfusion, suggesting that the efficacy of ribavarin
for the treatment of HCP is questionable (170-172). The efficacy
of ribavarin as a treatment for hantavirus induced AKI may
depend upon the severity of the disease at the time of first
administration (27). This is supported by recent observations that
early intravenous treatment of ribavarin in hantavirus infected
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patients reduced the occurrence of oliguria and severity of
renal insufficiency (173). Recently a high throughput screen
identified lead compounds targeting the hantavirus N protein
(162). Identification of these compounds has created new
possibilities for the development of anti-hantaviral therapeutics.
The passive transfer of monoclonal antibodies or polyclonal
sera to HTNV or PUUV in hamsters, rats, and primates have
protected these animals from hantavirus challenges (137, 174-
177). A recent study suggested that a DNA vaccine /goose
platform can be used to produce an antiviral biological product
capable of preventing hantavirus disease when administered
post-exposure (152). These observations suggest that a post-
hantavirus prophylaxis treatment regime may be effective (178).
New treatment strategies focused on the inhibition of virus
replication and rapid prevention of vascular leakage in infected
patients are urgently needed to prevent the high fatality
rates in HCPS and HFRS patients. Elucidation of molecular
mechanism and identification of viral and host factors involved
in hantavirus induced endothelial cell dysfunction and increased
vascular permeability will reveal novel targets for the design of
therapeutic molecules to prevent hantavirus induced vascular
leakage. Similar approaches to identify host and viral factors
playing key roles in the virus replication cycle will provide
avenues for the development of antiviral therapeutic agents
(Figure 3). Some of the well characterized therapeutic targets,
such as, the interaction between hantavirus glycoprotein and the
host cell receptor, the interaction between N protein and viral
genomic RNA, the interaction between N protein and RdRp,
the cap snatching endonuclease and polymerase activities of the
RdRp (Figure 3) can be used for the development of antiviral
therapeutics. Nonetheless, the combined therapies targeting both
virus replication and vascular leakage will likely improve the
prognosis of this zoonotic illness. Finally, the control of animal
reservoirs and the advice to populations living in endemic areas
to limit the risk of exposure will significantly contribute to the
preventive measures of this viral illness.

Kidney Injury by Non-hemorrhagic Fever
Viruses Might Provide Insight Into the
Hantavirus Induced HFRS That Leads to
AKI

Non-hemorrhagic fever viruses such as HIV are known to induce
kidney disease. Although retroviral therapies have improved the
outcome of HIV infection, the patients living with HIV remain at
higher risk for chronic kidney disease due to frequent exposure
to nephrotoxins. The kidney biopsies of patients with HIV
associated nephropathy (HIVAN) reveal focal glomerulosclerosis
and tubular cyst formation with tubulointerstitial inflammation,
although such phenotypes may be more severe in patients having
widespread use of combination antiretroviral therapy (cART)
(179, 180). Such distinct pathologies have not been reported in
hantavirus induced AKI. Numerous studies carried out in in
vitro systems (181-183) and transgenic animal models (179, 184)
have demonstrated that HIV can infect glomerular and tubular
epithelial cells, and renal expression of HIV genes plays a key
role in HIVAN pathogenesis. The expression of HIV transgene

lacking gag and pol genes have been reported to develop kidney
disease in rats and mice, showing clinical and pathological
resemblance with HIVAN. Since gag and pol play crucial roles in
virus replication, these studies suggest that virus replication is not
necessary for HIVAN pathogenesis (184, 185). Further studies in
transgenic mice showed that expression of HIV genes vpr and
nef in podocytes induce glomerular disease resembling HIVAN
(179, 186). The mechanism by which vpr induces podocyte injury
remains unclear. However, nef is known to induce podocyte
differential and proliferation by activating MAPK1,2 and Stat3
signaling pathways (187). The knockout out of Stat3 in podocytes
has been reported to ameliorate the HIVAN phenotype in HIV
transgenic mice (188). Similarly, in vitro studies have revealed
that HIV tat gene expression induces podocye injury (189).
Recent studies have demonstrated the role of Notch signaling
and renin angiotensin system in podocyte injury and progression
of kidney disease in HIVAN (190-192). This is supported by
the amelioration of the HIVAN phenotype in animal models
using chemical inhibitors targeted to these pathways (193, 194).
In comparison to HIV, it is still unclear whether hantavirus
replication or the expression of individual hantaviral genes is
sufficient to induce AKI. Inflammatory responses have also been
reported to play a role in HIVAN. The noticeable up-regulation of
Kappa-B regulated proinflammatory mediators in HIV infected
tubular epithelial cells and podocyte in HIVAN models suggested
Kappa-B as a target molecule for therapeutic intervention of
HIVAN (195, 196). Interestingly, the use of Kappa-B inhibitors
ameliorated the HIVAN phenotype in HIV transgenic mice (197,
198). The molecular mechanism by which these viral factors
induce kidney injury in HIV patients will help to identify targets
for therapeutic intervention of HIVAN. HIV positive people
harboring two copies of the APOL1-risk allele are at more risk
of developing HIVAN without the use of retroviral inhibitors as
compared to HIV positive people having zero or one risk alleles
(199). Thus, genetic susceptibility plays a role in kidney injury
induced by both HIV and hantavirus infections. Antiretroviral
therapies especially nucleoside and nucleotide analogs targeting
reverse transcriptase such as tenofovir, adefovir, cidofovir are all
capable of inducing renal tubular injury (200, 201). AKI due to
acute tebular obstruction and chronic tubulointerstital nephrits
by indinavir has limited its use as an antiretroviral drug (202).
Thus, while developing antivirals for hantaviruses, it is necessary
to pay attention to the possible kidney injury resulting from the
use of antivirals, which might worsen kidney disease.

CONCLUSION

Multidisciplinary research studies have provided insights about
host mechanisms such as inflammatory responses, endothelial
dysfunction, oxidative and ER stress in kidney injury. Virus
infection alters the host gene expression and disturbs numerous
molecular pathways that may collectively contribute to kidney
injury in infected hosts. Although the overwhelming immune
response plays a major role in hantavirus disease (Figure 4), it
is still difficult to draw a detailed mechanistic picture for the
pathogenesis of hantavirus induced AKI. Identification of viral
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and host factors such as gender, HLA haplotype, viral load, and
inflammatory response have helped physicians to predict the
clinical outcome of the disease. Analysis of vascular leakage has
revealed the breakdown of the endothelial cell barrier by the
impairment of cell-to-cell contact. The loss of cellular contact
in the endothelium may be due to disturbances in signaling
pathways involving vascular endothelial growth factor, E-
cadherin, and kallikrein-kinin system (Figure 4). Identification
and characterization of host factors mediating the vascular
leakage during hantavirus infection will provide crucial insights
for the development of therapeutic strategies to prevent vascular
leakage and improve the prognosis of hantavirus disease.
Combinational therapeutic approaches aimed at inhibiting both
virus replication and vascular leakage would likely have a better
outcome. AKI induced by old word hantaviruses has a good
prognosis at present, both in the long and short term. However,
hantaviruses are continuously evolving due to mutations in the
genome by RdRp, which is deficient in proof-reading activity.
The emergence of future virulent strains with the potential to
cause severe AKI with a bad prognosis cannot be ruled out.
This is supported by the emergence of hantavirus cases in Asia
and Europe with clinical manifestations resembling new world
hantaviruses and vice versa (203, 204). Thus, the development

REFERENCES

1. Borio L, Inglesby T, Peters CJ], Schmaljohn AL, Hughes JM, Jahrling PB,
et al. Hemorrhagic fever viruses as biological weapons: medical and public
health management. JAMA. (2002) 287:2391-405. doi: 10.1001/jama.287.18.
2391

2. Enria DA, Levis SC. Emerging viral zoonoses: hantavirus infections. Rev Sci
Tech. (2004) 23:595-611. doi: 10.20506/rst.23.2.1501

3. Enria DA, Pinheiro F. Rodent-borne emerging viral zoonosis. Hemorrhagic
fevers and hantavirus infections in South America. Infect Dis Clin North Am.
(2000) 14:167-84. doi: 10.1016/S0891-5520(05)70223-3

4. Jiang H, Zheng X, Wang L, Du H, Wang P, Bai X. Hantavirus
infection: a global zoonotic challenge. Virol Sin. (2017) 32:32-43.
doi: 10.1007/s12250-016-3899-x

5. Krautkramer E, Zeier M, Plyusnin A. Hantavirus infection: an emerging
infectious disease causing acute renal failure. Kidney Int. (2013) 83:23-7.
doi: 10.1038/ki.2012.360

6. Plyusnina A, Heyman P, Baert K, Stuyck ], Cochez C, Plyusnin A.
Genetic characterization of seoul hantavirus originated from norway rats
(Rattus norvegicus) captured in Belgium. ] Med Virol. (2012) 84:1298-303.
doi: 10.1002/jmv.23321

7. Razzauti M, Plyusnina A, Henttonen H, Plyusnin A. Microevolution
of puumala hantavirus during a complete population cycle of its
host, the bank vole (Myodes glareolus). PLoS ONE. (2013) 8:e64447.
doi: 10.1371/journal.pone.0064447

8. Vaheri A, Henttonen H, Voutilainen L, Mustonen J, Sironen T, Vapalahti O.
Hantavirus infections in Europe and their impact on public health. Rev Med
Virol. (2013) 23:35-49. doi: 10.1002/rmv.1722

9. Klempa B, Avsic-Zupanc T, Clement ], Dzagurova TK, Henttonen H,

Heyman P, et al. Complex evolution and epidemiology of Dobrava-Belgrade

hantavirus: definition of genotypes and their characteristics. Arch Virol.

(2013) 158:521-9. doi: 10.1007/s00705-012-1514-5

Schmaljohn CS, Schmaljohn AL, Dalrymple JM. Hantaan virus M RNA:

coding strategy, nucleotide sequence, and gene order. Virology. (1987)

157:31-9. doi: 10.1016/0042-6822(87)90310-2

Goeijenbier M, Verner-Carlsson J, van Gorp EC, Rockx B, Koopmans MP,

Lundkvist A, et al. Seoul hantavirus in brown rats in the Netherlands:

10.

11.

of potential vaccines and antiviral therapeutics is necessary
to keep this zoonotic illness under control. Due to the lack
of vaccine and antiviral therapies, preventive measurements
such as closer attention of endemic areas, control of mice
inside and outside of homes, and prevention of contact with
contaminated aerosols is the only way to reduce hantavirus
disease mortalities.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

FUNDING

This work was funded for publication of this article will be
provided from the startup funds provided to the author by the
Western University of Health Sciences.

ACKNOWLEDGMENTS

We would like to thank the Nature publishing group for
providing permission to reuse the image shown in Figure 2.

implications for physicians-Epidemiology, clinical aspects, treatment and
diagnostics. Neth ] Med. (2015) 73:155-60.

. Plyusnin A, Vaheri A, Lundkvist A. Saaremaa hantavirus should not be
confused with its dangerous relative, Dobrava virus. J Clin Microbiol. (2006)
44:1608-9. doi: 10.1128/JCM.44.4.1608-1611.2006

. Pattamadilok S, Lee BH, Kumperasart S, Yoshimatsu K, Okumura M,
Nakamura [, et al. Geographical distribution of hantaviruses in Thailand and
potential human health significance of Thailand virus. Am J Trop Med Hyg.
(2006) 75:994-1002. doi: 10.4269/ajtmh.2006.75.994

. Lokugamage K, Kariwa H, Lokugamage N, Miyamoto H, Iwasa M, Hagiya
T, et al. Genetic and antigenic characterization of the Amur virus associated
with hemorrhagic fever with renal syndrome. Virus Res. (2004) 101:127-34.
doi: 10.1016/j.virusres.2003.12.031

. Brummer-Korvenkontio M, Vaheri A, Hovi T, von Bonsdorff CH, Vuorimies
J, Manni T, et al. Nephropathia epidemica: detection of antigen in bank voles
and serologic diagnosis of human infection. J Infect Dis. (1980) 141:131-4.
doi: 10.1093/infdis/141.2.131

. Daud NH, Kariwa H, Tanikawa Y, Nakamura I, Seto T, Miyashita D, et al.
Mode of infection of Hokkaido virus (Genus Hantavirus) among grey red-
backed voles, Myodes rufocanus, in Hokkaido, Japan. Microbiol Immunol.
(2007) 51:1081-90. doi: 10.1111/j.1348-0421.2007.tb04003 .x

. Plyusnin A, Vapalahti O, Lankinen H, Lehvaslaiho H, Apekina N, Myasnikov
Y, et al. Tula virus: a newly detected hantavirus carried by European common
voles. ] Virol. (1994) 68:7833-9. doi: 10.1128/jvi.68.12.7833-7839.1994

. Lee PW, Amyx HL, Gajdusek DC, Yanagihara RT, Goldgaber D, Gibbs CJ.
New hemorrhagic fever with renal syndrome-related virus in rodents in the
United States. Lancet. (1982) 2:1405. doi: 10.1016/S0140-6736(82)91308-3

. Schmaljohn C, Hjelle B. Hantaviruses: a global disease problem. Emerg Infect

Dis. (1997) 3:95-104. doi: 10.3201/eid0302.970202

Song W, Torrez-Martinez N, Irwin W, Harrison FJ, Davis R, Ascher

M, et al. Isla Vista virus: a genetically novel hantavirus of the

California vole Microtus californicus. J Gen Virol. (1995) 76:3195-9.

doi: 10.1099/0022-1317-76-12-3195

Horling J, Chizhikov V, Lundkvist A, Jonsson M, Ivanov L, Dekonenko

A, et al, Khabarovsk virus: a phylogenetically and serologically distinct

hantavirus isolated from Microtus fortis trapped in far-east Russia. ] Gen

Virol. (1996) 77:687-94. doi: 10.1099/0022-1317-77-4-687

20.

21.

Frontiers in Medicine | www.frontiersin.org

11

January 2022 | Volume 8 | Article 795340


https://doi.org/10.1001/jama.287.18.2391
https://doi.org/10.20506/rst.23.2.1501
https://doi.org/10.1016/S0891-5520(05)70223-3
https://doi.org/10.1007/s12250-016-3899-x
https://doi.org/10.1038/ki.2012.360
https://doi.org/10.1002/jmv.23321
https://doi.org/10.1371/journal.pone.0064447
https://doi.org/10.1002/rmv.1722
https://doi.org/10.1007/s00705-012-1514-5
https://doi.org/10.1016/0042-6822(87)90310-2
https://doi.org/10.1128/JCM.44.4.1608-1611.2006
https://doi.org/10.4269/ajtmh.2006.75.994
https://doi.org/10.1016/j.virusres.2003.12.031
https://doi.org/10.1093/infdis/141.2.131
https://doi.org/10.1111/j.1348-0421.2007.tb04003.x
https://doi.org/10.1128/jvi.68.12.7833-7839.1994
https://doi.org/10.1016/S0140-6736(82)91308-3
https://doi.org/10.3201/eid0302.970202
https://doi.org/10.1099/0022-1317-76-12-3195
https://doi.org/10.1099/0022-1317-77-4-687
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Mir

Hantavirus Induced Acute Kidney Injury

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Vapalahti O, Lundkvist A, Fedorov V, Conroy CJ, Hirvonen S, Plyusnina A,
et al. Isolation and characterization of a hantavirus from Lemmus sibiricus:
evidence for host switch during hantavirus evolution. J Virol. (1999) 73:5586-
92. doi: 10.1128/JV1.73.7.5586-5592.1999

Guo WP, Lin XD, Wang W, Zhang XH, Chen Y, Cao JH, et al
A new subtype of Thottapalayam virus carried by the Asian house
shrew (Suncus murinus) in China. Infect Genet Evol. (2011) 11:1862-7.
doi: 10.1016/j.meegid.2011.07.013

Duchin JS, Koster FT, Peters CJ, Simpson GL, Tempest B, Zaki SR, et al.
Hantavirus pulmonary syndrome: a clinical description of 17 patients
with a newly recognized disease. N Engl ] Med. (1994) 330:949-55.
doi: 10.1056/NEJM199404073301401

Schmaljohn CM. Molecular Biology of Hantaviruses. Plenum Press, New
York, (1996). doi: 10.1007/978-1-4899-1364-7_3

Schmaljohn CS, Hooper JW. Bunyaviridae: The viruses and their replication.
In: Howley, K.A. (Ed.), Fields Virology, Lippencott, Williams, and Wilkins,
Philadelphia, (2001). p. 1581-602.

Jonsson CB, Figueiredo LT, Vapalahti O. A global perspective on hantavirus
ecology, epidemiology, and disease. Clin Microbiol Rev. (2010) 23:412-41.
doi: 10.1128/CMR.00062-09

Hepojoki ], Strandin T, Lankinen H, Vaheri A. Hantavirus structure—
molecular interactions behind the scene. ] Gen Virol. (2012) 93:1631-44.
doi: 10.1099/vir.0.042218-0

Battisti AJ, Chu YK, Chipman PR, Kaufmann B, Jonsson CB, Rossmann
MG. Structural studies of hantaan virus. J Virol. (2011) 85:835-41.
doi: 10.1128/JV1.01847-10

Cheng E, Mir MA. Signatures of host mRNA 5 terminus for
efficient hantavirus cap snatching. J Virol. (2012) 86:10173-85.
doi: 10.1128/JVI1.05560-11

Mir MA, Duran WA, Hjelle BL, Ye C, Panganiban AT. Storage of cellular 5
mRNA caps in P bodies for viral cap-snatching. Proc Natl Acad Sci U S A.
(2008) 105:19294-9. doi: 10.1073/pnas.0807211105

Hopkins KC, McLane LM, Magbool T, Panda D, Gordesky-Gold B, Cherry
S. A genome-wide RNAI screen reveals that mRNA decapping restricts
bunyaviral replication by limiting the pools of Dcp2-accessible targets for
cap-snatching. Genes Dev. (2013) 27:1511-25. doi: 10.1101/gad.215384.113
Cheng E, Wang Z, Mir MA. Interaction between Hantavirus Nucleocapsid
Protein (N) and RNA Dependent RNA Polymerase (RdRp) mutant reveals
the requirement of N-RdRp interaction for Viral RNA synthesis. J Virol.
(2014) 88:8706-12. doi: 10.1128/JV1.00405-14

Mir MA, Panganiban AT. The bunyavirus nucleocapsid protein is an RNA
chaperone: possible roles in viral RNA panhandle formation and genome
replication. Rna. (2006) 12:272-82. doi: 10.1261/rna.2101906

Mir MA, Panganiban AT. A protein that replaces the entire cellular eIF4F
complex. EMBO J. (2008) 27:3129-39. doi: 10.1038/emboj.2008.228

Mir MA, Sheema S, Haseeb A, Haque A. Hantavirus nucleocapsid protein has
distinct m7G cap- and RNA-binding sites. ] Biol Chem. (2010) 285:11357-68.
doi: 10.1074/jbc.M110.102459

Susantitaphong P, Cruz DN, Cerda J, Abulfaraj M, Alqahtani F, Koulouridis I,
et al. World incidence of AKI: a meta-analysis. Clin ] Am Soc Nephrol. (2013)
8:1482-93. doi: 10.2215/CJN.00710113

B.A. Molitoris. Therapeutic translation in
the epithelial/endothelial axis. ] Clin Invest.
doi: 10.1172/JCI72269

Silver SA, Cardinal H, Colwell K, Burger D, Dickhout JG. Acute kidney
injury: preclinical innovations, challenges, and opportunities for translation.
Can ] Kidney Health Dis. (2015) 2:30. doi: 10.1186/540697-015-0062-9
Wang YM, Alexander SI. IL-2/anti-IL-2 complex: a novel strategy of in
vivo regulatory T cell expansion in renal injury. JASN. (2013) 24:1503-4.
doi: 10.1681/ASN.2013070718

Patil NK, Parajuli N, MacMillan-Crow LA, Mayeux PR. Inactivation of renal
mitochondrial respiratory complexes and manganese superoxide dismutase
during sepsis: mitochondria-targeted antioxidant mitigates injury. Am |
Physiol Renal Physiol. (2014) 306:F734-43. doi: 10.1152/ajprenal.00643.2013
Jesinkey SR, Funk JA, Stallons LJ, Wills LP, Megyesi JK, Beeson
CC, et al. Formoterol restores mitochondrial and renal function after
ischemia-reperfusion injury. J Am Soc Nephrol. (2014) 25:1157-62.
doi: 10.1681/ASN.2013090952

acute kidney injury:
(2014)  124:2355-63.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Dickhout JG, Krepinsky JC. Endoplasmic reticulum stress and renal disease.
Antioxid Redox Signal. (2009) 11:2341-52. doi: 10.1089/ars.2009.2705
Carlisle RE, Brimble E, Werner KE, Cruz GL, Ask K, Ingram A],
et al. 4-Phenylbutyrate inhibits tunicamycin-induced acute kidney
injury via CHOP/GADDI153 repression. PLoS ONE. (2014) 9:e84663.
doi: 10.1371/journal.pone.0084663

Kelly KJ, Baird NR, Greene AL. Induction of stress response proteins and
experimental renal ischemia/reperfusion. Kidney Int. (2001) 59:1798-802.
doi: 10.1046/j.1523-1755.2001.0590051798.x

Wu X, He Y, Jing Y, Li K, Zhang J. Albumin overload induces apoptosis in
renal tubular epithelial cells through a CHOP-dependent pathway. OMICS.
(2010) 14:61-73. doi: 10.1089/0mi.2009.0073

Kimura K, Jin H, Ogawa M, Aoe T. Dysfunction of the ER chaperone BiP
accelerates the renal tubular injury. Biochem Biophys Res Commun. (2008)
366:1048-53. doi: 10.1016/j.bbrc.2007.12.098

Rockey DC, Vierling JM, Mantry P, Ghabril M, Brown RS, Alexeeva
O, et al. Randomized, double-blind, controlled study of glycerol
phenylbutyrate in hepatic encephalopathy. Hepatology. (2014) 59:1073-83.
doi: 10.1002/hep.26611

Sutton TA, Mang HE, Campos SB, Sandoval RM, Yoder MC, Molitoris
BA. Injury of the renal microvascular endothelium alters barrier
function after ischemia. Am ] Physiol Renal Physiol. (2003) 285:F191-8.
doi: 10.1152/ajprenal.00042.2003

Sutton TA, Fisher CJ, Molitoris BA. Microvascular endothelial injury and
dysfunction during ischemic acute renal failure. Kidney Int. (2002) 62:1539-
49. doi: 10.1046/j.1523-1755.2002.00631.x

Kwon O, Hong SM, Sutton TA, Temm C]J. Preservation of peritubular
capillary endothelial integrity and increasing pericytes may be critical to
recovery from postischemic acute kidney injury. Am J Physiol Renal Physiol.
(2008) 295:F351-9. doi: 10.1152/ajprenal.90276.2008

Maes P, Clement ], Gavrilovskaya I, Van Ranst M. Hantaviruses:
immunology, treatment, and prevention. Viral Immunol. (2004) 17:481-97.
doi: 10.1089/vim.2004.17.481

Adams K, Jameson L, Meigh R, Brooks T. Hantavirus: an infectious cause of
acute kidney injury in the UK. BMJ Case Rep. (2014) 2014:bcr2014205529.
doi: 10.1136/bcr-2014-205529

Lameire N, Van Biesen W, Vanholder R. The changing epidemiology
of acute renal failure. Nat Clin Pract Nephrol. (2006) 2:364-77.
doi: 10.1038/ncpneph0218

Clement J, van Ranst M. Hantavirus infections in Belgium. Verh K Acad
Geneeskd Belg. (1999) 61:701-17.

Clement J, Maes P, Van Ranst M. Acute kidney injury in
emerging, non-tropical infections. Acta Clin Belg. (2007) 62:387-95.
doi: 10.1179/acb.2007.058

Papadimitriou MG, Antoniadis A. Hantavirus nephropathy in Greece.
Lancet. (1994) 343:1038. doi: 10.1016/S0140-6736(94)90157-0

Clement J, McKenna P, Colson P, Damoiseaux P, Penalba C, Halin P,
et al. Hantavirus epidemic in Europe, 1993. Lancet. (1994) 343:114.
doi: 10.1016/S0140-6736(94)90841-9

Makela S, Ala-Houhala I, Mustonen J, Koivisto AM, Kouri T,
Turjanmaa V, et al. Renal function and blood pressure five years after
puumala virus-induced nephropathy. Kidney Int. (2000) 58:1711-8.
doi: 10.1046/j.1523-1755.2000.00332.x

Latus J, Schwab M, Tacconelli E, Pieper FM, Wegener D, Dippon ],
et al. Clinical course and long-term outcome of hantavirus-associated
nephropathia epidemica, Germany. Emerg Infect Dis. (2015) 21:76-83.
doi: 10.3201/eid2101.140861

Outinen TK, Makela S, Clement J, Paakkala A, Porsti I, Mustonen J.
Community acquired severe acute kidney injury caused by hantavirus-
induced hemorrhagic fever with renal syndrome has a favorable outcome.
Nephron. (2015) 130:182-90. doi: 10.1159/000433563

Miettinen MH, Makela SM, Ala-Houhala 10, Huhtala HS, Koobi T,
Vaheri Al et al. Ten-year prognosis of Puumala hantavirus-induced acute
interstitial nephritis. Kidney Int. (2006) 69:2043-8. doi: 10.1038/sj.ki.5000334
Krautkramer E, Grouls S, Stein N, Reiser J, Zeier M. Pathogenic
old world hantaviruses infect renal glomerular and tubular cells and
induce disassembling of cell-to-cell contacts. J Virol. (2011) 85:9811-23.
doi: 10.1128/JVI1.00568-11

Frontiers in Medicine | www.frontiersin.org

12

January 2022 | Volume 8 | Article 795340


https://doi.org/10.1128/JVI.73.7.5586-5592.1999
https://doi.org/10.1016/j.meegid.2011.07.013
https://doi.org/10.1056/NEJM199404073301401
https://doi.org/10.1007/978-1-4899-1364-7_3
https://doi.org/10.1128/CMR.00062-09
https://doi.org/10.1099/vir.0.042218-0
https://doi.org/10.1128/JVI.01847-10
https://doi.org/10.1128/JVI.05560-11
https://doi.org/10.1073/pnas.0807211105
https://doi.org/10.1101/gad.215384.113
https://doi.org/10.1128/JVI.00405-14
https://doi.org/10.1261/rna.2101906
https://doi.org/10.1038/emboj.2008.228
https://doi.org/10.1074/jbc.M110.102459
https://doi.org/10.2215/CJN.00710113
https://doi.org/10.1172/JCI72269
https://doi.org/10.1186/s40697-015-0062-9
https://doi.org/10.1681/ASN.2013070718
https://doi.org/10.1152/ajprenal.00643.2013
https://doi.org/10.1681/ASN.2013090952
https://doi.org/10.1089/ars.2009.2705
https://doi.org/10.1371/journal.pone.0084663
https://doi.org/10.1046/j.1523-1755.2001.0590051798.x
https://doi.org/10.1089/omi.2009.0073
https://doi.org/10.1016/j.bbrc.2007.12.098
https://doi.org/10.1002/hep.26611
https://doi.org/10.1152/ajprenal.00042.2003
https://doi.org/10.1046/j.1523-1755.2002.00631.x
https://doi.org/10.1152/ajprenal.90276.2008
https://doi.org/10.1089/vim.2004.17.481
https://doi.org/10.1136/bcr-2014-205529
https://doi.org/10.1038/ncpneph0218
https://doi.org/10.1179/acb.2007.058
https://doi.org/10.1016/S0140-6736(94)90157-0
https://doi.org/10.1016/S0140-6736(94)90841-9
https://doi.org/10.1046/j.1523-1755.2000.00332.x
https://doi.org/10.3201/eid2101.140861
https://doi.org/10.1159/000433563
https://doi.org/10.1038/sj.ki.5000334
https://doi.org/10.1128/JVI.00568-11
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Mir

Hantavirus Induced Acute Kidney Injury

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Ferluga D, Vizjak A. Hantavirus nephropathy. /] Am Soc Nephrol. (2008)
19:1653-8. doi: 10.1681/ASN.2007091022

Taylor SL, Wahl-Jensen V, Copeland AM, Jahrling PB, Schmaljohn CS.
Endothelial Cell Permeability during Hantavirus Infection Involves Factor
XII-Dependent Increased Activation of the Kallikrein-Kinin System. PLoS
Pathog. (2013) 9:¢1003470. doi: 10.1371/journal.ppat.1003470

Collan Y, Mihatsch MJ, Lahdevirta ], Jokinen EJ, Romppanen T, Jantunen
E. Nephropathia epidemica: mild variant of hemorrhagic fever with renal
syndrome. Kidney Int Suppl. (1991) 35:562-71.

Cosgriff TM, Lewis RM. Mechanisms of disease in hemorrhagic fever with
renal syndrome. Kidney Int Suppl. (1991) 35:572-9.

Mustonen J, Helin H, Pietila K, Brummer-Korvenkontio M, Hedman K,
Vaheri A, et al. Renal biopsy findings and clinicopathologic correlations in
nephropathia epidemica. Clin Nephrol. (1994) 41:121-6.

Oliver ], Macdowell M. The Renal Lesion in Epidemic Hemorrhagic Fever. |
Clin Invest. (1957) 36:134-79. doi: 10.1172/JCI1103403

Makela S, Mustonen J, Ala-Houhala I, Hurme M, Partanen J, Vapalahti O,
et al. Human leukocyte antigen-B8-DR3 is a more important risk factor for
severe Puumala hantavirus infection than the tumor necrosis factor-alpha(-
308) G/A polymorphism. J Infect Dis. (2002) 186:843-6. doi: 10.1086/342413
Mustonen J, Partanen J, Kanerva M, Pietila K, Vapalahti O, Pasternack
A, et al. Genetic susceptibility to severe course of nephropathia
epidemica caused by Puumala hantavirus. Kidney Int. (1996) 49:217-21.
doi: 10.1038/ki.1996.29

Wang ML, Lai JH, Zhu Y, Zhang HB, Li C, Wang JP, et al. Genetic
susceptibility to haemorrhagic fever with renal syndrome caused by Hantaan
virus in Chinese Han population. Int ] Immunogenet. (2009) 36:227-9.
doi: 10.1111/j.1744-313X.2009.00848.x

Kilpatrick ED, Terajima M, Koster FT, Catalina MD, Cruz J, Ennis FA.
Role of specific CD8+ T cells in the severity of a fulminant zoonotic viral
hemorrhagic fever, hantavirus pulmonary syndrome. J Immunol. (2004)
172:3297-304. doi: 10.4049/jimmunol.172.5.3297

Markotic A, Dasic G, Gagro A, Sabioncello A, Rabatic S, Kuzman I, et al.
Role of peripheral blood mononuclear cell (PBMC) phenotype changes in
the pathogenesis of haemorrhagic fever with renal syndrome (HFRS). Clin
Exp Immunol. (1999) 115:329-34. doi: 10.1046/j.1365-2249.1999.00790.x
Safronetz D, Zivcec M, Lacasse R, Feldmann F, Rosenke R, Long D,
et al. Pathogenesis and host response in Syrian hamsters following
intranasal infection with Andes virus. PLoS Pathog. (2011) 7:¢1002426.
doi: 10.1371/journal.ppat.1002426

Lindgren T, Ahlm C, Mohamed N, Evander M, Ljunggren HG, Bjorkstrom
NK. Longitudinal analysis of the human T cell response during acute
hantavirus infection. J Virol. (2011) 85:10252-60. doi: 10.1128/JV1.05548-11
Zhu LY, Chi L], Wang X, Zhou H. Reduced circulating CD4+CD25+ cell
populations in haemorrhagic fever with renal syndrome. Clin Exp Immunol.
(2009) 156:88-96. doi: 10.1111/j.1365-2249.2008.03858.x

Chen LB, Yang WS. Abnormalities of T cell immunoregulation in
hemorrhagic fever with renal syndrome. J Infect Dis. (1990) 161:1016-9.
doi: 10.1093/infdis/161.5.1016

Easterbrook JD, Zink MC, Klein SL. Regulatory T cells enhance persistence
of the zoonotic pathogen Seoul virus in its reservoir host. Proc Natl Acad Sci
U S A. (2007) 104:15502-7. doi: 10.1073/pnas.0707453104

Terajima M, Ennis FA. T cells and pathogenesis of hantavirus
cardiopulmonary syndrome and hemorrhagic fever with renal syndrome.
Viruses. (2011) 3:1059-73. doi: 10.3390/v3071059

Hammerbeck CD, Hooper JW. T cells are not required for pathogenesis in
the Syrian hamster model of hantavirus pulmonary syndrome. J Virol (2011)
85:9929-44. doi: 10.1128/JVI1.05356-11

Gorbunova E, Gavrilovskaya IN, Mackow ER. Pathogenic hantaviruses
Andes virus and Hantaan virus induce adherens junction disassembly by
directing vascular endothelial cadherin internalization in human endothelial
cells. J Virol. (2010) 84:7405-11. doi: 10.1128/JV1.00576-10

Li Y, Wang W, Wang JP, Pan L, Zhang Y, Yu HT, et al. Elevated
vascular endothelial growth factor levels induce hyperpermeability of
endothelial cells in hantavirus infection. J Int Med Res. (2012) 40:1812-21.
doi: 10.1177/030006051204000519

Shrivastava-Ranjan P, Rollin PE, Spiropoulou CF. Andes virus disrupts
the endothelial cell barrier by induction of vascular endothelial growth

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.
95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

factor and downregulation of VE-cadherin. J Virol. (2010) 84:11227-34.
doi: 10.1128/JV1.01405-10

D. Vestweber. VE-cadherin: the major endothelial adhesion molecule
controlling cellular junctions and blood vessel formation. Arterioscler
Thromb Vasc Biol. (2008) 28:223-32. doi: 10.1161/ATVBAHA.107.158014
Kaplan AP, Silverberg M. The coagulation-kinin pathway of human plasma.
Blood. (1987) 70:1-15. doi: 10.1182/blood.V70.1.1.1

Golias C, Charalabopoulos A, Stagikas D, Charalabopoulos K, Batistatou A.
The kinin system-bradykinin: biological effects and clinical implications.
Multiple Role Kinin Syst Bradykinin Hippokratia. (2007) 11:124-8.

Giles TD, Sander GE, Nossaman BD, Kadowitz PJ. Impaired vasodilation in
the pathogenesis of hypertension: focus on nitric oxide, endothelial-derived
hyperpolarizing factors, and prostaglandins. J Clin Hypertens (Greenwich).
(2012) 14:198-205. doi: 10.1111/j.1751-7176.2012.00606.x

Mehta D, Malik AB.  Signaling
endothelial ~ permeability.  Physiol ~ Rev.
doi: 10.1152/physrev.00012.2005

Antonen J, Leppanen I, Tenhunen J, Arvola P, Makela S, Vaheri A, et al.
A severe case of Puumala hantavirus infection successfully treated with
bradykinin receptor antagonist icatibant. Scand ] Infect Dis. (2013) 45:494-6.
doi: 10.3109/00365548.2012.755268

Khaiboullina SE, Morzunov SP, St Jeor SC. Hantaviruses: molecular
biology, evolution and pathogenesis. Curr Mol Med. (2005) 5:773-90.
doi: 10.2174/156652405774962317

Zheng Y, Zhou BY, Wei ], Xu Y, Dong JH, Guan LY, et al. Persistence
of immune responses to vaccine against haemorrhagic fever with
renal syndrome in healthy adults aged 16-60 years: results from an
open-label2-year follow-up study. Infect Dis (Lond). (2018) 50:21-6.
doi: 10.1080/23744235.2017.1353704

Liu R, Ma H, Shu J, Zhang Q, Han M, Liu Z, et al. Vaccines
and therapeutics against hantaviruses. Front Microbiol. (2019) 10:2989.
doi: 10.3389/fmicb.2019.02989

H.W. Lee. Korean hemorrhagic fever. Prog Med Virol. (1982) 28:96-113.
Lee HW, Johnson KM. Laboratory-acquired infections with Hantaan virus,
the etiologic agent of Korean hemorrhagic fever. J Infect Dis. (1982) 146:645-
51. doi: 10.1093/infdis/146.5.645

Lee HW, Baek LJ, Johnson KM. Isolation of Hantaan virus, the etiologic
agent of Korean hemorrhagic fever, from wild urban rats. J Infect Dis. (1982)
146:638-44. doi: 10.1093/infdis/146.5.638

Heyman P, Vaheri A. Situation of hantavirus infections and haemorrhagic
fever with renal syndrome in European countries as of December 2006. Euro
Surveill. (2008) 13:18925. doi: 10.2807/ese.13.28.18925-en

M, Vapalahti O, Henttonen H, Koskela
P, Kuusisto P, Vaheri A. Epidemiological study of nephropathia
epidemica in Finland 1989-96. Scand ] Infect Dis. (1999) 31:427-35.
doi: 10.1080/00365549950163941

Heyman P, Mele RV, Smajlovic L, Dobly A, Cochez C, Vandenvelde C.
Association between habitat and prevalence of hantavirus infections in bank
voles (Myodes glareolus) and wood mice (Apodemus sylvaticus). Vector
Borne Zoonotic Dis. (2009) 9:141-6. doi: 10.1089/vbz.2007.0155

Heyman P, Vaheri A, Lundkvist A, Avsic-Zupanc T. Hantavirus infections
in Europe: from virus carriers to a major public-health problem. Expert Rev
Anti Infect Ther. (2009) 7:205-17. doi: 10.1586/14787210.7.2.205
Suputthamongkol Y, Nitatpattana N, Chayakulkeeree M, Palabodeewat S,
Yoksan S, Gonzalez JP. Hantavirus infection in Thailand: first clinical case
report. Southeast Asian ] Trop Med Public Health. (2005) 36:700-3.
Suputthamongkol Y, Nitatpattana N, Chayakulkeeree M, Palabodeewat S,
Yoksan S, Gonzalez JP. Hantavirus infection in Thailand: first clinical case
report. Southeast Asian ] Trop Med Public Health. (2005) 36:217-20.
Plyusnina A, Ibrahim IN, Winoto I, Porter KR, Gotama IB, Lundkvist A, et al.
Identification of Seoul hantavirus in Rattus norvegicus in Indonesia. Scand ]
Infect Dis. (2004) 36:356-9. doi: 10.1080/00365540410019264

Plyusnina A, Ibrahim IN, Plyusnin A. A newly recognized hantavirus in the
Asian house rat (Rattus tanezumi) in Indonesia. ] Gen Virol. (2009) 90:205-9.
doi: 10.1099/vir.0.006155-0

Chandy S, Boorugu H, Chrispal A, Thomas K, Abraham P, Sridharan G.
Hantavirus infection: a case report from India. Indian ] Med Microbiol.
(2009) 27:267-70. doi: 10.4103/0255-0857.53215

mechanisms
(2006)

regulating
86:279-367.

Brummer-Korvenkontio

Frontiers in Medicine | www.frontiersin.org

13

January 2022 | Volume 8 | Article 795340


https://doi.org/10.1681/ASN.2007091022
https://doi.org/10.1371/journal.ppat.1003470
https://doi.org/10.1172/JCI103403
https://doi.org/10.1086/342413
https://doi.org/10.1038/ki.1996.29
https://doi.org/10.1111/j.1744-313X.2009.00848.x
https://doi.org/10.4049/jimmunol.172.5.3297
https://doi.org/10.1046/j.1365-2249.1999.00790.x
https://doi.org/10.1371/journal.ppat.1002426
https://doi.org/10.1128/JVI.05548-11
https://doi.org/10.1111/j.1365-2249.2008.03858.x
https://doi.org/10.1093/infdis/161.5.1016
https://doi.org/10.1073/pnas.0707453104
https://doi.org/10.3390/v3071059
https://doi.org/10.1128/JVI.05356-11
https://doi.org/10.1128/JVI.00576-10
https://doi.org/10.1177/030006051204000519
https://doi.org/10.1128/JVI.01405-10
https://doi.org/10.1161/ATVBAHA.107.158014
https://doi.org/10.1182/blood.V70.1.1.1
https://doi.org/10.1111/j.1751-7176.2012.00606.x
https://doi.org/10.1152/physrev.00012.2005
https://doi.org/10.3109/00365548.2012.755268
https://doi.org/10.2174/156652405774962317
https://doi.org/10.1080/23744235.2017.1353704
https://doi.org/10.3389/fmicb.2019.02989
https://doi.org/10.1093/infdis/146.5.645
https://doi.org/10.1093/infdis/146.5.638
https://doi.org/10.2807/ese.13.28.18925-en
https://doi.org/10.1080/00365549950163941
https://doi.org/10.1089/vbz.2007.0155
https://doi.org/10.1586/14787210.7.2.205
https://doi.org/10.1080/00365540410019264
https://doi.org/10.1099/vir.0.006155-0
https://doi.org/10.4103/0255-0857.53215
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Mir

Hantavirus Induced Acute Kidney Injury

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Klein SL, Marks MA, Li W, Glass GE, Fang LQ, Ma JQ, et al. Sex
differences in the incidence and case fatality rates from hemorrhagic fever
with renal syndrome in China, 2004-2008. Clin Infect Dis. (2011) 52:1414-21.
doi: 10.1093/cid/cir232

Martinez VP, Bellomo CM, Cacace ML, Suarez P, Bogni L, Padula PJ.
Hantavirus pulmonary syndrome in Argentina, 1995-2008. Emerg Infect Dis.
(2010) 16:1853-60. doi: 10.3201/eid1612.091170

Hjertqvist M, Klein SL, Ahlm C, Klingstrom J. Mortality rate patterns for
hemorrhagic fever with renal syndrome caused by Puumala virus. Emerg
Infect Dis. (2010) 16:1584-6. doi: 10.3201/eid1610.100242

Rasche FM, Uhel B, Kruger DH, Karges W, Czock D, Hampl W, et al.
Thrombocytopenia and acute renal failure in Puumala hantavirus infections.
Emerg Infect Dis. (2004) 10:1420-5. doi: 10.3201/eid1008.031069

Jonsson CB, Gallegos J, Ferro P, Severson W, Xu X, Schmaljohn CS, et al.
Purification and characterization of the Sin Nombre virus nucleocapsid
protein expressed in Escherichia coli. Protein Expr Purif. (2001) 23:134-41.
doi: 10.1006/prep.2001.1489

Kallio-Kokko H, Lundkvist A, Plyusnin A, Avsic-Zupanc T, Vaheri A,
Vapalahti O. Antigenic properties and diagnostic potential of recombinant
dobrava virus nucleocapsid protein. J Med Virol. (2000) 61:266-74.3.0.
doi: 10.1002/(SICI)1096-9071(200006)61:2<266::AID-JMV14>3.0.CO;2-]
Schmaljohn CS, Sugiyama K, Schmaljohn AL, Bishop DH. Baculovirus
expression of the small genome segment of Hantaan virus and potential use
of the expressed nucleocapsid protein as a diagnostic antigen. ] Gen Virol.
(1988) 69:777-86. doi: 10.1099/0022-1317-69-4-777

Razanskiene A, Schmidt ], Geldmacher A, Ritzi A, Niedrig M, Lundkvist A,
et al. High yields of stable and highly pure nucleocapsid proteins of different
hantaviruses can be generated in the yeast Saccharomyces cerevisiae. |
Biotechnol. (2004) 111:319-33. doi: 10.1016/j.jbiotec.2004.04.010

Schmidt ], Jandrig B, Klempa B, Yoshimatsu K, Arikawa J, Meisel H,
et al. Nucleocapsid protein of cell culture-adapted Seoul virus strain 80-39:
analysis of its encoding sequence, expression in yeast and immuno-reactivity.
Virus Genes. (2005) 30:37-48. doi: 10.1007/s11262-004-4580-2

Kehm R, Jakob NJ, Welzel TM, Tobiasch E, Viczian O, Jock S, et al.
Expression of immunogenic Puumala virus nucleocapsid protein in
transgenic tobacco and potato plants. Virus Genes. (2001) 22:73-83.
doi: 10.1023/A:1008186403612

Khattak S, Darai G, Sule S, Rosen-Wolff A. Characterization of expression
of Puumala virus nucleocapsid protein in transgenic plants. Intervirology.
(2002) 45:334-9. doi: 10.1159/000067926

Billecocq A, Coudrier D, Boue F, Combes B, Zeller H, Artois M,
et al. Expression of the nucleoprotein of the Puumala virus from the
recombinant Semliki Forest virus replicon: characterization and use as
a potential diagnostic tool. Clin Diagn Lab Immunol. (2003) 10:658-63.
doi: 10.1128/CDLI.10.4.658-663.2003

Figueiredo LT, Moreli ML, Borges AA, Figueiredo GG, Souza RL,
Aquino VH. Expression of a hantavirus N protein and its efficacy
as antigen in immune assays. Braz ] Med Biol Res. (2008) 41:596-9.
doi: 10.1590/S0100-879X2008000700008

Vapalahti O, Kallio-Kokko H, Narvanen A, Julkunen I, Lundkvist A,
Plyusnin A, et al. Human B-cell epitopes of Puumala virus nucleocapsid
protein, the major antigen in early serological response. ] Med Virol. (1995)
46:293-303. doi: 10.1002/jmv.1890460402

Kallio-Kokko H, Leveelahti R, Brummer-Korvenkontio M, Lundkvist A,
Vaheri A, Vapalahti O. Human immune response to Puumala virus
glycoproteins and nucleocapsid protein expressed in mammalian cells. ] Med
Virol. (2001) 65:605-13. doi: 10.1002/jmv.2079

Feldmann H, Sanchez A, Morzunov S, Spiropoulou CE, Rollin PE, Ksiazek
TG, et al. Utilization of autopsy RNA for the synthesis of the nucleocapsid
antigen of a newly recognized virus associated with hantavirus pulmonary
syndrome. Virus Res. (1993) 30:351-67. doi: 10.1016/0168-1702(93)90101-R
Ferres M, Vial P, Marco C, Yanez L, Godoy P, Castillo C, et al
Prospective evaluation of household contacts of persons with hantavirus
cardiopulmonary syndrome in chile. J Infect Dis. (2007) 195:1563-71.
doi: 10.1086/516786

Padula P, Martinez VP, Bellomo C, Maidana S, San Juan J, Tagliaferri P,
et al. Pathogenic hantaviruses, northeastern Argentina and eastern Paraguay.
Emerg Infect Dis. (2007) 13:1211-4. doi: 10.3201/eid1308.061090

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Evander M, Eriksson I, Pettersson L, Juto P, Ahlm C, Olsson GE, et al.
Puumala hantavirus viremia diagnosed by real-time reverse transcriptase
PCR using samples from patients with hemorrhagic fever and renal
syndrome. J Clin Microbiol. (2007) 45:2491-7. doi: 10.1128/JCM.01902-06
Li J, Liu YX, Zhao ZT. Genotyping of hantaviruses
in Linyi, China, by nested RT-PCR combined with single-strand
conformation polymorphism analysis. Acta Virol. (2009) 53:121-4.
doi: 10.4149/av_2009_02_121

Hjelle B, Spiropoulou CF, Torrez-Martinez N, Morzunov S, Peters CJ,
Nichol ST. Detection of Muerto Canyon virus RNA in peripheral blood
mononuclear cells from patients with hantavirus pulmonary syndrome. J
Infect Dis. (1994) 170:1013-7. doi: 10.1093/infdis/170.4.1013

Navarrete M, Barrera C, Zaror L, Otth C. Rapid immunochromatographic
test for hantavirus andes contrasted with capture-IgM ELISA for
detection of Andes-specific IgM antibodies. ] Med Virol. (2007) 79:41-4.
doi: 10.1002/jmv.20759

Sion ML, Hatzitolios AI, Armenaka MC, Toulis EN, Kalampalika D,
Mikoudi KD. Acute renal failure caused by leptospirosis and Hantavirus
infection in an urban hospital. Eur ] Intern Med. (2002) 13:264-8.
doi: 10.1016/50953-6205(02)00037-7

Rajendra Bhimma VKS. Luther Travis, Hemorrhagic Fever With Renal
Failure Syndrome. Med Scape. Available online at: https://emedicine.
medscape.com/article/982142-overview (2018).

Cho HW, Howard CR, Lee HW. Review of an inactivated vaccine against
hantaviruses. Intervirology. (2002) 45:328-33. doi: 10.1159/000067925

Jung J, Ko SJ, Oh HS, Moon SM, Song JW, Huh K. Protective effectiveness
of inactivated hantavirus vaccine against hemorrhagic fever with renal
syndrome. ] Infect Dis. (2018) 217:1417-20. doi: 10.1093/infdis/jiy037

C.S. Schmaljohn. Vaccines for hantaviruses: progress and issues. Expert Rev
Vaccines. (2012) 11:511-3. doi: 10.1586/erv.12.15

Li Z, Zeng H, Wang Y, Zhang Y, Cheng L, Zhang F, et al. The assessment of
Hantaan virus-specific antibody responses after the immunization program
for hemorrhagic fever with renal syndrome in northwest China. Hum Vaccin
Immunother. (2017) 13:802-7. doi: 10.1080/21645515.2016.1253645
Schmaljohn CS, Spik KW, Hooper JW. DNA vaccines for HEFRS:
laboratory and clinical ~ studies. Res. (2014) 187:91-6.
doi: 10.1016/j.virusres.2013.12.020

Hooper JW, Kamrud KI, Elgh E Custer D, Schmaljohn CS. DNA
vaccination with hantavirus M segment elicits neutralizing antibodies
and protects against seoul virus infection. Virology. (1999) 255:269-78.
doi: 10.1006/vir0.1998.9586

Hooper JW, Custer DM, Thompson E, Schmaljohn CS. DNA vaccination
with the Hantaan virus M gene protects Hamsters against three of four
HERS hantaviruses and elicits a high-titer neutralizing antibody response in
Rhesus monkeys. J Virol. (2001) 75:8469-77. doi: 10.1128/JV1.75.18.8469-84
77.2001

Custer DM, Thompson E, Schmaljohn CS, Ksiazek TG, Hooper JW. Active
and passive vaccination against hantavirus pulmonary syndrome with Andes
virus M genome segment-based DNA vaccine. ] Virol. (2003) 77:9894-905.
doi: 10.1128/JV1.77.18.9894-9905.2003

Hooper JW, Josleyn M, Ballantyne J, Brocato R. A novel Sin Nombre
virus DNA vaccine and its inclusion in a candidate pan-hantavirus
vaccine against hantavirus pulmonary syndrome (HPS) and hemorrhagic
fever with renal syndrome (HFRS). (2013) 31:4314-21.
doi: 10.1016/j.vaccine.2013.07.025

Jiang DB, Sun YJ, Cheng LE, Zhang GE, Dong C, Jin BQ, et al. Construction
and evaluation of DNA vaccine encoding Hantavirus glycoprotein N-
terminal fused with lysosome-associated membrane protein. Vaccine. (2015)
33:3367-76. doi: 10.1016/j.vaccine.2015.05.007

N. Pardi. mRNA Innovates the Vaccine Field. Vaccines (Basel). (2021) 9:486.
doi: 10.3390/vaccines9050486

Thess A, Grund S, Mui BL, Hope M]J, Baumhof P, Fotin-Mleczek M, et al.
Sequence-engineered mRNA without chemical nucleoside modifications
enables an effective protein therapy in large animals. Mol Ther. (2015)
23:1456-64. doi: 10.1038/mt.2015.103

Guan S, Rosenecker J. Nanotechnologies in delivery of mRNA therapeutics
using nonviral vector-based delivery systems. Gene Ther. (2017) 24:133-43.
doi: 10.1038/gt.2017.5

occurring

Virus

Vaccine.

Frontiers in Medicine | www.frontiersin.org

January 2022 | Volume 8 | Article 795340


https://doi.org/10.1093/cid/cir232
https://doi.org/10.3201/eid1612.091170
https://doi.org/10.3201/eid1610.100242
https://doi.org/10.3201/eid1008.031069
https://doi.org/10.1006/prep.2001.1489
https://doi.org/10.1002/(SICI)1096-9071(200006)61:2<266::AID-JMV14>3.0.CO;2-J
https://doi.org/10.1099/0022-1317-69-4-777
https://doi.org/10.1016/j.jbiotec.2004.04.010
https://doi.org/10.1007/s11262-004-4580-2
https://doi.org/10.1023/A:1008186403612
https://doi.org/10.1159/000067926
https://doi.org/10.1128/CDLI.10.4.658-663.2003
https://doi.org/10.1590/S0100-879X2008000700008
https://doi.org/10.1002/jmv.1890460402
https://doi.org/10.1002/jmv.2079
https://doi.org/10.1016/0168-1702(93)90101-R
https://doi.org/10.1086/516786
https://doi.org/10.3201/eid1308.061090
https://doi.org/10.1128/JCM.01902-06
https://doi.org/10.4149/av_2009_02_121
https://doi.org/10.1093/infdis/170.4.1013
https://doi.org/10.1002/jmv.20759
https://doi.org/10.1016/S0953-6205(02)00037-7
https://emedicine.medscape.com/article/982142-overview
https://emedicine.medscape.com/article/982142-overview
https://doi.org/10.1159/000067925
https://doi.org/10.1093/infdis/jiy037
https://doi.org/10.1586/erv.12.15
https://doi.org/10.1080/21645515.2016.1253645
https://doi.org/10.1016/j.virusres.2013.12.020
https://doi.org/10.1006/viro.1998.9586
https://doi.org/10.1128/JVI.75.18.8469-8477.2001
https://doi.org/10.1128/JVI.77.18.9894-9905.2003
https://doi.org/10.1016/j.vaccine.2013.07.025
https://doi.org/10.1016/j.vaccine.2015.05.007
https://doi.org/10.3390/vaccines9050486
https://doi.org/10.1038/mt.2015.103
https://doi.org/10.1038/gt.2017.5
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Mir

Hantavirus Induced Acute Kidney Injury

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Sahin U, Kariko K, Tureci O. mRNA-based therapeutics-developing a new
class of drugs. Nat Rev Drug Discov. (2014) 13:759-80. doi: 10.1038/nrd4278
Weissman D. mRNA transcript therapy. Expert Rev Vaccines. (2015) 14:265—
81. doi: 10.1586/14760584.2015.973859

Weissman D, Kariko K. mRNA: fulfilling the promise of gene therapy. Mol
Ther. (2015) 23:1416-7. doi: 10.1038/mt.2015.138

Kariko K, Muramatsu H, Ludwig ], Weissman D. Generating the optimal
mRNA for therapy: HPLC purification eliminates immune activation and
improves translation of nucleoside-modified, protein-encoding mRNA.
Nucleic Acids Res. (2011) 39:e142. doi: 10.1093/nar/gkr695

Hooper JW, Custer DM, Smith ], Wahl-Jensen V. Hantaan/Andes
DNA vaccine elicits a broadly neutralizing
antibody response in nonhuman primates. Virology. (2006) 347:208-16.
doi: 10.1016/j.virol.2005.11.035

Hooper JW, Larsen T, Custer DM, Schmaljohn CS. A lethal disease
model for hantavirus pulmonary syndrome. Virology. (2001) 289:6-14.
doi: 10.1006/viro.2001.1133

Cheng EM, Cohen SN, Lee ML, Vassar SD, Chen AY. Use of antithrombotic
agents among U.S. stroke survivors, 2000-2006. Am ] Prev Med. (2010)
38:47-53. doi: 10.1016/j.amepre.2009.08.029

McClain DJ, Summers PL, Harrison SA, Schmaljohn AL, Schmaljohn CS.
Clinical evaluation of a vaccinia-vectored Hantaan virus vaccine. ] Med Virol.
(2000) 60:77-85. doi: 10.1002/(SICI)1096-9071(200001)60:1&lt;77::AID-
JMV13&gt;3.0.CO;2-S

Carvalho Nicacio Cde, Lundkvist A, Sjolander KB, Plyusnin A,
Salonen EM, Bjorling E. A neutralizing recombinant human antibody
Fab fragment against Puumala hantavirus. | Med Virol. (2000)
60:446-54.  doi: 10.1002/(SICI)1096-9071(200004)60:4&lt;446:: AID-
JMV13&gt;3.0.CO52-V

Haese N, Brocato RL, Henderson T, Nilles ML, Kwilas SA, Josleyn
MD, et al. Antiviral biologic produced in DNA vaccine/goose platform
protects hamsters against hantavirus pulmonary syndrome when
administered post-exposure. PLoS Negl Trop Dis. (2015) 9:¢0003803.
doi: 10.1371/journal.pntd.0003803

Zhang XK, Takashima I, Hashimoto N. Characteristics of passive immunity
against hantavirus infection in rats. Arch Virol. (1989) 105:235-46.
doi: 10.1007/BF01311360

Xu Z, Wei L, Wang L, Wang H, Jiang S. The in vitro and in vivo protective
activity of monoclonal antibodies directed against Hantaan virus: potential
application for immunotherapy and passive immunization. Biochem
Biophys Res Commun. (2002) 298:552-8. doi: 10.1016/S0006-291X(02)
02491-9

Murphy ME, Kariwa H, Mizutani T, Yoshimatsu K, Arikawa ],
Takashima I. In vitro antiviral activity of lactoferrin and ribavirin
upon hantavirus. Arch Virol. (2000) 145:1571-82. doi: 10.1007/s0070500
70077

Barriga GP, Villalon-Letelier F, Marquez CL, Bignon EA, Acuna R, Ross
BH, et al. Inhibition of the Hantavirus Fusion Process by Predicted Domain
III and Stem Peptides from Glycoprotein Gc. PLoS Negl Trop Dis. (2016)
10:e0004799. doi: 10.1371/journal.pntd.0004799

Hall PR, Leitao A, Ye C, Kilpatrick K, Hjelle B, Oprea T, et al. Small molecule
inhibitors of hantavirus infection. Bioorg Med Chem Lett. (2010) 20:7085-91.
doi: 10.1016/j.bmcl.2010.09.092

Malinin OV, Platonov AE. Insufficient efficacy and safety of intravenous
ribavirin in treatment of haemorrhagic fever with renal syndrome
caused by Puumala virus. Infect Dis (Lond). (2017) 49:514-20.
doi: 10.1080/23744235.2017.1293841

Ogg M, Jonsson CB, Camp JV, Hooper JW. Ribavirin protects Syrian
hamsters against lethal hantavirus pulmonary syndrome-after intranasal
exposure to Andes virus. Viruses. (2013) 5:2704-20. doi: 10.3390/v5112704
Westover JB, Sefing EJ, Bailey KW, Van Wettere AJ, Jung KH,
Dagley A, et al. Low-dose ribavirin potentiates the antiviral activity of
favipiravir against hemorrhagic fever viruses. Antiviral Res. (2016) 126:62-8.
doi: 10.1016/j.antiviral.2015.12.006

Chung DH, Kumarapperuma SC, Sun Y, Li Q, Chu YK, Arterburn JB,
et al. Synthesis of 1-beta-D-ribofuranosyl-3-ethynyl-[1,2,4]triazole and its in
vitro and in vivo efficacy against Hantavirus. Antiviral Res. (2008) 79:19-27.
doi: 10.1016/j.antiviral.2008.02.003

virus cross-reactive

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

Salim NN, Ganaie SS, Roy A, Jeeva S, Mir MA. Targeting a novel RNA-
protein interaction for therapeutic intervention of hantavirus disease. J Biol
Chem. (2016) 291:24702-14. doi: 10.1074/jbc.M116.750729

Deng HY, Luo E Shi LQ, Zhong Q, Liu Y], Yang ZQ. Efficacy of arbidol on
lethal hantaan virus infections in suckling mice and in vitro. Acta Pharmacol
Sin. (2009) 30:1015-24. doi: 10.1038/aps.2009.53

Shi J, Feng J, Xie J, Mei Z, Shi T, Wang S, et al. Targeted blockade
of TGF-beta and IL-6/JAK2/STAT3 pathways inhibits lung cancer growth
promoted by bone marrow-derived myofibroblasts. Sci Rep. (2017) 7:8660.
doi: 10.1038/541598-017-09020-8

Gavrilovskaya IN, Gorbunova EE, Mackow NA, Mackow ER. Hantaviruses
direct endothelial cell permeability by sensitizing cells to the vascular
permeability factor VEGE while angiopoietin 1 and sphingosine 1-
phosphate inhibit hantavirus-directed permeability. J Virol. (2008) 82:5797-
806. doi: 10.1128/]JV1.02397-07

Brocato RL, Hooper JW. Progress on the prevention and treatment of
hantavirus disease. Viruses. (2019) 11:610. doi: 10.3390/v11070610

Vial PA, Valdivieso E Ferres M, Riquelme R, Rioseco ML, Calvo M, et al.
High-dose intravenous methylprednisolone for hantavirus cardiopulmonary
syndrome in Chile: a double-blind, randomized controlled clinical trial. Clin
Infect Dis. (2013) 57:943-51.

J.W. Huggins. Prospects for treatment of viral hemorrhagic fevers with
ribavirin, a broad-spectrum antiviral drug. Rev Infect Dis. (1989) 11:5750-61.
doi: 10.1093/clinids/11.Supplement_4.5750

Huggins JW, Hsiang CM, Cosgriff TM, Guang MY, Smith JI, Wu ZO, et al.
Prospective, double-blind, concurrent, placebo-controlled clinical trial of
intravenous ribavirin therapy of hemorrhagic fever with renal syndrome. J
Infect Dis. (1991) 164:1119-27. doi: 10.1093/infdis/164.6.1119

Chapman LE, Ellis BA, Koster FT, Sotir M, Ksiazek TG, Mertz
GJ, et al. Discriminators between hantavirus-infected and -uninfected
persons enrolled in a trial of intravenous ribavirin for presumptive
hantavirus pulmonary syndrome. Clin Infect Dis. (2002) 34:293-304.
doi: 10.1086/324619

Chapman LE, Mertz GJ, Peters CJ, Jolson HM, Khan AS, Ksiazek TG,
et al. Intravenous ribavirin for hantavirus pulmonary syndrome: safety and
tolerance during 1 year of open-label experience. Ribavirin Study Group
Antivir Ther. (1999) 4:211-9.

Mertz GJ, Hjelle B, Crowley M, Iwamoto G, Tomicic V, Vial PA. Diagnosis
and treatment of new world hantavirus infections. Curr Opin Infect Dis.
(2006) 19:437-42. doi: 10.1097/01.qc0.0000244048.38758.1f

Rusnak JM, Byrne WR, Chung KN, Gibbs PH, Kim TT, Boudreau EE
et al. Experience with intravenous ribavirin in the treatment of hemorrhagic
fever with renal syndrome in Korea. Antiviral Res. (2009) 81:68-76.
doi: 10.1016/j.antiviral.2008.09.007

Kariwa H, Arikawa ], Takashima I, Hashimoto N. Development
and application of protein G antibody assay for the detection
of antibody to hantavirus. ] Virol Methods. (1992) 37:345-54.
doi: 10.1016/0166-0934(92)90034-B

Schmaljohn CS, Chu YK, Schmaljohn AL, Dalrymple JM. Antigenic subunits
of Hantaan virus expressed by baculovirus and vaccinia virus recombinants.
] Virol. (1990) 64:3162-70. doi: 10.1128/jvi.64.7.3162-3170.1990

Liang M, Chu YK, Schmaljohn C. Bacterial expression of neutralizing mouse
monoclonal antibody Fab fragments to Hantaan virus. Virology. (1996)
217:262-71. doi: 10.1006/vir0.1996.0113

Klingstrom J, Stoltz M, Hardestam J, Ahlm C, Lundkvist A. Passive
immunization protects cynomolgus macaques against Puumala hantavirus
challenge. Antivir Ther. (2008) 13:125-33.

L.A. Sawyer. Antibodies for the prevention and treatment of viral diseases.
Antiviral Res. (2000) 47:57-77. doi: 10.1016/S0166-3542(00)00111-X
D’Agati V, Suh JI, Carbone L, Cheng JT, Appel G. Pathology of HIV-
associated nephropathy: a detailed morphologic and comparative study.
Kidney Int. (1989) 35:1358-70. doi: 10.1038/ki.1989.135

M.J. Ross. Advances in the pathogenesis of HIV-associated kidney diseases.
Kidney Int. (2014) 86:266-74. doi: 10.1038/ki.2014.167

Ross MJ, Bruggeman LA, Wilson PD, Klotman PE. Microcyst formation
and HIV-1 gene expression occur in multiple nephron segments in
HIV-associated nephropathy. | Am Soc Nephrol. (2001) 12:2645-51.
doi: 10.1681/ASN.V12122645

Frontiers in Medicine | www.frontiersin.org

January 2022 | Volume 8 | Article 795340


https://doi.org/10.1038/nrd4278
https://doi.org/10.1586/14760584.2015.973859
https://doi.org/10.1038/mt.2015.138
https://doi.org/10.1093/nar/gkr695
https://doi.org/10.1016/j.virol.2005.11.035
https://doi.org/10.1006/viro.2001.1133
https://doi.org/10.1016/j.amepre.2009.08.029
https://doi.org/10.1002/(SICI)1096-9071(200001)60:1&lt
https://doi.org/10.1002/(SICI)1096-9071(200004)60:4&lt
https://doi.org/10.1371/journal.pntd.0003803
https://doi.org/10.1007/BF01311360
https://doi.org/10.1016/S0006-291X(02)02491-9
https://doi.org/10.1007/s007050070077
https://doi.org/10.1371/journal.pntd.0004799
https://doi.org/10.1016/j.bmcl.2010.09.092
https://doi.org/10.1080/23744235.2017.1293841
https://doi.org/10.3390/v5112704
https://doi.org/10.1016/j.antiviral.2015.12.006
https://doi.org/10.1016/j.antiviral.2008.02.003
https://doi.org/10.1074/jbc.M116.750729
https://doi.org/10.1038/aps.2009.53
https://doi.org/10.1038/s41598-017-09020-8
https://doi.org/10.1128/JVI.02397-07
https://doi.org/10.3390/v11070610
https://doi.org/10.1093/clinids/11.Supplement_4.S750
https://doi.org/10.1093/infdis/164.6.1119
https://doi.org/10.1086/324619
https://doi.org/10.1097/01.qco.0000244048.38758.1f
https://doi.org/10.1016/j.antiviral.2008.09.007
https://doi.org/10.1016/0166-0934(92)90034-B
https://doi.org/10.1128/jvi.64.7.3162-3170.1990
https://doi.org/10.1006/viro.1996.0113
https://doi.org/10.1016/S0166-3542(00)00111-X
https://doi.org/10.1038/ki.1989.135
https://doi.org/10.1038/ki.2014.167
https://doi.org/10.1681/ASN.V12122645
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Mir Hantavirus Induced Acute Kidney Injury
182. Bruggeman LA, Ross MD, Tanji N, Cara A, Dikman S, Gordon RE, et al. 196. Ross MJ, Martinka S, D’Agati VD, Bruggeman LA. NF-kappaB regulates
Renal epithelium is a previously unrecognized site of HIV-1 infection. ] Am Fas-mediated apoptosis in HIV-associated nephropathy. ] Am Soc Nephrol.
Soc Nephrol. (2000) 11:2079-87. doi: 10.1681/ASN.V11112079 (2005) 16:2403-11. doi: 10.1681/ASN.2004121101
183. Ray PE, Liu XH, Henry D, Dye L, Xu L, Orenstein JM, et al 197. Zhang G, Liu R, Zhong Y, Plotnikov AN, Zhang W, Zeng L, et al
Infection of human primary renal epithelial cells with HIV-1 from Down-regulation of NF-kappaB transcriptional activity in HIV-associated
children with HIV-associated nephropathy. Kidney Int. (1998) 53:1217-29. kidney disease by BRD4 inhibition. J Biol Chem. (2012) 287:28840-51.
doi: 10.1046/j.1523-1755.1998.00900.x doi: 10.1074/jbc.M112.359505
184. Kopp JB, Klotman ME, Adler SH, Bruggeman LA, Dickie P, Marinos 198. Heckmann A, Waltzinger C, Jolicoeur P, Dreano M, Kosco-Vilbois
NJ, et al. Progressive glomerulosclerosis and enhanced renal accumulation MH, Sagot Y. IKK2 inhibitor alleviates kidney and wasting diseases in
of basement membrane components in mice transgenic for human a murine model of human AIDS. Am ] Pathol. (2004) 164:1253-62.
immunodeficiency virus type 1 genes. Proc Natl Acad Sci U S A. (1992) doi: 10.1016/S0002-9440(10)63213-0
89:1577-81. doi: 10.1073/pnas.89.5.1577 199. Genovese G, Friedman DJ, Ross MD, Lecordier L, Uzureau P, Freedman
185. Reid W, Sadowska M, Denaro F, Rao S, Foulke J, Hayes N, et al BI, et al. Association of trypanolytic ApoLl variants with kidney disease
An HIV-1 transgenic rat that develops HIV-related pathology and in African Americans. Science. (2010) 329:841-5. doi: 10.1126/science.
immunologic dysfunction. Proc Natl Acad Sci U S A. (2001) 98:9271-6. 1193032
doi: 10.1073/pnas.161290298 200. Kahn J, Lagakos S, Wulfsohn M, Cherng D, Miller M, Cherrington
186. Zuo Y, Matsusaka T, Zhong J, Ma J, Ma L], Hanna Z, et al. HIV-1 genes VPR J, et al. Efficacy and safety of adefovir dipivoxil with antiretroviral
and NEF synergistically damage podocytes, leading to glomerulosclerosis. | therapy: a randomized controlled trial. JAMA. (1999) 282:2305-12.
Am Soc Nephrol. (2006) 17:2832-43. doi: 10.1681/ASN.2005080878 doi: 10.1001/jama.282.24.2305
187. Feng X, Lu TC, Chuang PY, Fang W, Ratnam K, Xiong H, et al. Reduction 201. Hall AM, Edwards SG, Lapsley M, Connolly JO, Chetty K, O’Farrell S,
of Stat3 activity attenuates HIV-induced kidney injury. ] Am Soc Nephrol. et al. Subclinical tubular injury in HIV-infected individuals on antiretroviral
(2009) 20:2138-46. doi: 10.1681/ASN.2008080879 therapy: a cross-sectional analysis. Am ] Kidney Dis. (2009) 54:1034-42.
188. Gu L, Dai Y, Xu J, Mallipattu S, Kaufman L, Klotman PE, et al. Deletion doi: 10.1053/j.ajkd.2009.07.012
of podocyte STAT3 mitigates the entire spectrum of HIV-1-associated 202. Hanabusa H, Tagami H, Hataya H. Renal atrophy associated with
nephropathy. AIDS. (2013) 27:1091-8. doi: 10.1097/QAD.0b013e32835f1eal long-term treatment with indinavir. N Engl ] Med. (1999) 340:392-3.
189. Conaldi PG, Bottelli A, Baj A, Serra C, Fiore L, Federico G, et al. Human doi: 10.1056/NEJM199902043400515
immunodeficiency virus-1 tat induces hyperproliferation and dysregulation 203. MacNeil A, Ksiazek TG, Rollin PE. Hantavirus pulmonary syndrome,
of renal glomerular epithelial cells. Am ] Pathol. (2002) 161:53-61. United States, 1993-2009. Emerg Infect Dis. (2011) 17:1195-201.
doi: 10.1016/50002-9440(10)64156-9 doi: 10.3201/eid1707.101306
190. Sharma M, Callen S, Zhang D, Singhal PC, Vanden Heuvel GB, Buch 204. Rasmuson J, Andersson C, Norrman E, Haney M, Evander M, Ahlm C. Time
S. Activation of Notch signaling pathway in HIV-associated nephropathy. to revise the paradigm of hantavirus syndromes? Hantavirus pulmonary
AIDS. (2010) 24:2161-70. doi: 10.1097/QAD.0b013e32833dbc31 syndrome caused by European hantavirus. Eur J Clin Microbiol Infect Dis.
191. Kumar D, Salhan D, Magoon S, Torri DD, Sayeneni S, Sagar A, et al. Adverse (2011) 30:685-90. doi: 10.1007/s10096-010-1141-6
host factors exacerbate occult HIV-associated nephropathy. Am ] Pathol.
(2011) 179:1681-92. doi: 10.1016/j.ajpath.2011.06.013 Conflict of Interest: The author declares that the research was conducted in the
192. Ideura H, Hiromura K, Hiramatsu N, Shigehara T, Takeuchi S, Tomioka M, absence of any commercial or financial relationships that could be construed as a
et al. Angiotensin II provokes podocyte injury in murine model of HIV- potential conflict of interest.
associated nephropathy. Am J Physiol Renal Physiol. (2007) 293:F1214-21.
doi: 10.1152/ajprenal.00162.2007 Publisher’s Note: All claims expressed in this article are solely those of the authors
193. Sharma M, Ma'g'enheimer LK, Home T, Tamano KN, Singh:al PC, Hyink and do not necessarily represent those of their affiliated organizations, or those of
PR etal Inh{bltlon ,0f Notch }?athway attenuates the progression of hum‘an the publisher, the editors and the reviewers. Any product that may be evaluated in
immunodeficiency virus-associated nephropathy. Am J Physiol Renal Physiol. this articl Jaim that b de by it fact is ot teed
(2013) 304:F1127-36. doi: 10.1152/ajprenal.00475.2012 is article, or claim . at may be made by its manufacturer, is not guaranteed or
194. Wei A, Burns GC, Williams BA, Mohammed NB, Visintainer b, endorsed by the publisher.
Sivak SL. Long-term renal survival in HIV-associated nephropathy with
angiotensin-converting enzyme inhibition. Kidney Int. (2003) 64:1462-71. Copyright © 2022 Mir. This is an open-access article distributed under the terms
doi: 10.1046/j.1523-1755.2003.00230.x of the Creative Commons Attribution License (CC BY). The use, distribution or
195. Ross MJ, Fan C, Ross MD, Chu TH, Shi Y, Kaufman L, et al reproduction in other forums is permitted, provided the original author(s) and the

HIV-1 infection initiates an inflammatory cascade in human renal
tubular epithelial cells. J Acquir Immune Defic Syndr. (2006) 42:1-11.
doi: 10.1097/01.qai.0000218353.60099.4f

copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org

16

January 2022 | Volume 8 | Article 795340


https://doi.org/10.1681/ASN.V11112079
https://doi.org/10.1046/j.1523-1755.1998.00900.x
https://doi.org/10.1073/pnas.89.5.1577
https://doi.org/10.1073/pnas.161290298
https://doi.org/10.1681/ASN.2005080878
https://doi.org/10.1681/ASN.2008080879
https://doi.org/10.1097/QAD.0b013e32835f1ea1
https://doi.org/10.1016/S0002-9440(10)64156-9
https://doi.org/10.1097/QAD.0b013e32833dbc31
https://doi.org/10.1016/j.ajpath.2011.06.013
https://doi.org/10.1152/ajprenal.00162.2007
https://doi.org/10.1152/ajprenal.00475.2012
https://doi.org/10.1046/j.1523-1755.2003.00230.x
https://doi.org/10.1097/01.qai.0000218353.60099.4f
https://doi.org/10.1681/ASN.2004121101
https://doi.org/10.1074/jbc.M112.359505
https://doi.org/10.1016/S0002-9440(10)63213-0
https://doi.org/10.1126/science.1193032
https://doi.org/10.1001/jama.282.24.2305
https://doi.org/10.1053/j.ajkd.2009.07.012
https://doi.org/10.1056/NEJM199902043400515
https://doi.org/10.3201/eid1707.101306
https://doi.org/10.1007/s10096-010-1141-6
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Hantavirus Induced Kidney Disease
	Introduction
	Acute Kidney Injury (AKI)

	Hantavirus Induced HFRS Leads to AKI
	Mechanism of Hantavirus Induced AKI
	Epidemiology of Hantavirus Induced Kidney Injury
	Diagnosis of Hantavirus Infection
	Differential Diagnosis

	Vaccines Against Hantaviruses
	mRNA Vaccine for HFRS
	Vaccination Strategy

	Therapeutics for Hantavirus Infection
	Kidney Injury by Non-hemorrhagic Fever Viruses Might Provide Insight Into the Hantavirus Induced HFRS That Leads to AKI

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


