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Abstract: Hantaviruses, members of the order Bunyavirales, family Hantaviridae, have a world-wide
distribution and are responsible for greater than 150,000 cases of disease per year. The spectrum of
disease associated with hantavirus infection include hemorrhagic fever with renal syndrome (HFRS)
and hantavirus pulmonary syndrome (HPS) also known as hantavirus cardiopulmonary syndrome
(HCPS). There are currently no FDA-approved vaccines or treatments for these hantavirus diseases.
This review provides a summary of the status of vaccine and antiviral treatment efforts including
those tested in animal models or human clinical trials.
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1. Introduction

Hantaviruses are the etiological agents responsible for two disease syndromes: Hemorrhagic fever
with renal syndrome (HFRS) and hantavirus pulmonary syndrome (HPS) or hantavirus
cardiopulmonary syndrome (HCPS) [1]. Old World hantaviruses, including the prototypic hantavirus
Hantaan virus (HTNV), Puumala virus (PUUV), and Dobrava virus (DOBV), found predominantly
in Europe and Asia, cause HFRS with a case fatality rate ranging from <1 to 15% depending on
the infecting virus [2]. Seoul virus (SEOV), an HFRS-causing hantavirus carried by the Norway
rat (Rattus norvegicus) has a widespread distribution coinciding with transportation of this rodent
reservoir worldwide [3]. New World hantaviruses include Andes virus (ANDV) and Sin Nombre virus
(SNV), found predominantly in the Americas, and Choclo virus (CHOV) found in Central America,
causing HPS with a case fatality rate of up to 40% [4]. Human infections from these pathogenic
hantaviruses are typically restricted to the distribution of the rodent reservoir. To date, ANDV is the
only known hantavirus with demonstrated person-to-person transmission [5].

Hantaviruses are enveloped, negative-sense, single-stranded RNA viruses with tripartite
genome. The three segments are denoted as small (S), medium (M), and large (L) encoding
for the nucleoprotein (N), glycoproteins (G, and G.), and the RNA-dependent RNA polymerase,
respectively [1]. Hantaviruses infect microvascular endothelial cells altering the barrier properties
of these cells resulting in a vascular leakage disease in the target organ, the kidney for HFRS- and
lung for HPS-causing hantaviruses [6]. It is important to note that there are many shared clinical signs
between infection with HFRS- and HPS-causing hantaviruses as well as overlap in the target organ
(i-e., kidney failure in severe cases of HPS and lung disease in cases of HFRS) [7-9].

Reported cases of HFRS exceed 150,000 per year [10]. The majority of HFRS cases are reported
in Asia, specifically China, resulting from infection with HTNV (carried by Apodemus agrarius) and
SEOV with greater than 1.5 million cases between 1950 and 2007 [11]. Cases of HTNV are also
reported in Russia and Korea. DOBV (carried by Apodemus flavicollis) is associated with severe HFRS
disease in Europe while PUUV (carried by Myodes glareolus) is associated with a less severe disease in
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Europe, particularly Scandinavia and western Russia [10]. In comparison to HERS, far fewer cases
of HPS have been reported, with 624 cases over a 20-year period in the United States [12] and 109
cases reported in Canada from 1994 to 2014 [13], the vast majority of these caused by SNV (carried
by Peromyscus maniculatus) infection. ANDV (carried by Oligoryzomys longicaudatus) is endemic in
South America with 786 cases reported in Chile between 1995 and 2012 [14] and 1243 cases reported
in Argentina between 1995 and 2017 [15,16]. In Brazil, 884 cases of HPS were reported from 1993 to
2007 [17], with approximately 1600 cases reported through 2013 [18]. Of these documented cases,
most are associated with Araraquara virus infection (carried by Oligoryzomys nigripes). Sporadic cases
of HPS have also been reported in Uruguay, Paraguay, Bolivia, Peru, Venezuela, and Panama [10].
Humans become infected with these viruses through accidental inhalation or ingestion of excreta
or secreta, or bite. Given the worldwide distribution of hantaviruses, there is a need for medical
countermeasures for the prevention and treatment of hantavirus diseases. There are no current
FDA-approved vaccines or antivirals for hantavirus infection. This review serves as a summary of the
current status of hantavirus vaccine and antiviral development based on animal model testing and
human clinical trials.

2. Hantavirus Disease Vaccine Development

2.1. Approved HFRS Vaccines in China and Korea

HERS cases in China have been reported in 29 of 31 provinces sparking the implementation of
widespread preventative measures to include a vaccination strategy. Inactivated vaccines developed
in cell culture have evolved to the bivalent vaccine for HTNV and SEOV made in Vero cells currently
in use [11]. Approximately 2 million vaccine doses are administered annually and is offered as part of
the national Expanded Program on Immunization. Following the initial vaccination scheme of 3 doses
at 0 days, 15 days, and 1 year, 90% of subjects retained positive rates of neutralizing antibody titers
33 months after the boost [19]. Cases of HFRS in the Republic of Korea also resulted in development
of a vaccine. Hantavax® is a formalin-inactivated vaccine prepared by HTNV growth in suckling
mouse brain. While eliciting strong responses immediately after the boost (97% seroconversion
30 days following the boost), only 50% of volunteers had neutralizing antibodies 1 year following the
boost [20]. Increased responses have been noted in a 3-dose strategy [21,22]; however, it has been noted
that Hantavax® vaccination fails to demonstrate a statistically significant reduction in HFRS disease
severity [23]. Vaccination, in addition to other preventative measures, have decreased the number of
cases of HFRS in these regions [24].

2.2. Virus-Like Particles (VLP) Vaccines

Previous research has demonstrated that S and M or only M expressed gene products
assemble into virus-like particles (VLP) that resemble hantavirus virions when examined by
electron microscopy [25,26]. In China, in an effort to abrogate safety concerns with the inactivated
whole virus vaccine, sequences of the membrane-bound forms of immune-stimulating molecules
CD40 ligand (CD40L) and granulocyte macrophage colony-stimulating factor (GM-CSF) were
incorporated into vectors along with HTNV S and M segments and VLPs were generated in vitro [27].
Enhanced HTNV-specific antibody and neutralizing antibody were observed in VLP-immunized mice,
in addition to significantly reducing viral load in organs after challenge. The long-term protective
efficacy of the HTNV CD40 GM-CSF VLPs were addressed after 2 doses and HTNV challenge 6 months
following showed high neutralizing antibody titers in mice [28].

Another VLP approach involves the insertion of foreign protein segments into the core protein
of hepatitis B virus (HBcAg) to induce humoral and cellular responses [29]. For hantavirus vaccine
development, a segment of the PUUV Vranica/Hillnds strain N protein (aa 1-45) administered
with and without adjuvant was efficacious to prevent PUUV infection in bank voles [30-32].
Interestingly, PUUV strain CG18-20 N protein (aa 1-45) inserted into the c/el internal region (at aa 78)
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of HBcAg was highly immunogenic and protective in bank voles [32]. Taken together, these studies
have optimized the insertion site in HBcAg and identified two protective regions in the N protein.
Based on these initial findings, similarly generated DOBV and HTNV chimeric VLPs were generated
and shown to be immunogenic when administered without adjuvant, all IgG subclasses were induced,
and cross-reactive against multiple strains of DOBV, HTNV, and PUUV in two mouse models [33,34].
Unfortunately, vaccine protective efficacy was not evaluated in these two studies.

2.3. Recombinant Proteins

Given the immunogenicity of the N, G, and G protein, recombinant proteins were generated
and tested as potential vaccine candidates. Using a baculovirus expression system, recombinant N,
Gp, and G, proteins were used to immunize hamsters prior to HTNV infection [35]. Partial protection
from infection was observed when hamsters were immunized with recombinant G, and G, proteins
independently and full protection was observed when hamsters were immunized with a combination
Gn/Gc or N proteins. Also using a baculovirus expression system, truncated recombinant N proteins
were developed indicating the amino terminal region is required for protection, harboring six of seven
epitopes analyzed using bank vole monoclonal antibodies [36]. Similarly, recombinant N proteins for
hantaviruses have been generated in Saccharomyces cervisiae that were protective in the PUUV/bank
vole model [37]. Cross-reactivity was evaluated with PUUV, ANDV, and DOBV recombinant N
proteins generated in Escherichia coli cells. PUUV-infected bank voles were completely protected when
immunized with PUUV N, partially protected when immunized with ANDV N, and not protected
when immunized with DOBV N [38]. PUUV and ANDV N proteins share 73% identity at the amino
acid level, indicating several shared antigenic regions.

German researchers used a similar approach to develop a His-tagged DOBV recombinant N
proteins in Saccharomyces cervisine. Immunogenicity, but not protective efficacy, was evaluated in two
mouse models showing N-specific antibody titers 8 months following a 3-dose vaccination strategy,
N-specific antibody induction across all IgG subclasses, and strong cross-reactivity against HTNV [39].
While in Belgium, truncated and full-length His-tagged DOBV recombinant N proteins expressed
in Escherichia coli were coupled to the outer membrane protein A derived from Klebsiella pneumoniae
(rP40) protected mice immunized 3 times from a DOBV challenge [40]. The same strategy was used
to develop a full-length and truncated PUUV recombinant N using the same rP40 carrier molecule;
however, only the truncated construct linked to rP40 was 100% protective in mice challenged with
PUUV [41].

2.4. Virus-Vectored Recombinant Vaccines

A double recombinant, chimeric molecular vaccine was developed by inserting HTNV S and
M segment cDNA into vaccinia virus (VACV) [42]. Protective efficacy of this vaccine was initially
evaluated in Syrian hamsters. Two doses of the VACV-vectored HTNV vaccine protected all hamsters
infected with either HTNV or SEOV, but not PUUV [43]. This vaccine was further evaluated in both
a Phase 1 and Phase 2 clinical trial [44]. Results of the Phase 1 trial indicate that the vaccine was deemed
safe, neutralizing antibody titers to both VACV and HTNV increased following a second vaccination,
and subcutaneous inoculation was superior to scarification as a vaccine delivery route. Based on the
Phase 1, a Phase 2 was conducted demonstrating HINV neutralizing antibodies were detected in 72%
of VACV-naive volunteers in comparison to 26% in VACV-immune volunteers. Continued efforts to
advance this vaccine were halted based on pre-existing VACV immunity.

Nonreplicating adenovirus vectors expressing ANDV N, Gy, G, or G, + G were able to elicit
robust CTL responses in mice and were protective when hamsters were challenged with a uniformly
lethal dose of ANDV [45]. While promising in animal models, human pre-existing immunity to
adenovirus type 5 remains a substantial hurdle for this type of vaccine.

Vesicular stomatitis virus (VSV) pseudotype virus containing hantavirus glycoproteins was
examined as a potential vaccine strategy. A nonreplicating VSV pseudotype containing HTNV
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Gn and G, was immunogenic and protective against a HTNV challenge in mice after 3 doses [46].
Similarly, VSV containing the ANDV glycoprotein precursor (GPC) effectively prevented lethality
in the ANDV/hamster model after a single dose [47]. Interestingly, in this study, the timing of
vaccine administration played a role in how the vaccine protects. Four weeks after vaccination,
hamsters developed a robust neutralizing antibody response and protection from ANDYV challenge
suggestive of sterile immunity. By reducing the timing between vaccination and challenge to 1 week,
protection is attributed to innate immune responses. The long-term efficacy of this vaccine was
evaluated. Vaccinated hamsters were significantly protected from ANDV lethality 6 months, but not
1 year following a single dose of VSVAG-ANDV-GPC [48].

2.5. Nucleic Acid-Based Molecular Vaccines

In an effort to prime a CD4+ T cell response, a Chinese group developed a DNA vaccine encoding
the HTNV G, and lysosomal-associated membrane protein 1 (LAMP1) [49]. LAMP1 alters the antigen
processing pathway to major histocompatibility complex II, resulting in enhanced humoral immune
responses. Immune responses to 3 doses of vaccine were maintained over 6 months in mice and mice
were protected from HTNV challenge 4 months following the first vaccination [50]. Similar results
were obtained with a vaccine utilizing G, rather than G, [51]. The overarching goal of these studies is
to improve upon the immunological memory that is lacking in the inactivated vaccine currently used
in China. These initial studies indicate that the DNA vaccine, pVAX-LAMP/G,, has the potential to
achieve this goal.

DNA vaccines targeting the S and M segments of SEOV were generated by either cloning the gene
segment into the DNA plasmid expression vector pWRG7077 or into a DNA-based Sindbis replicon
or packaged Sindbis replicon vector [52,53]. Increased protection from SEOV infection was observed
with M segment vaccination in Syrian hamsters. It should also be noted that gene gun inoculation was
superior to vaccine delivery via needle and syringe. Based on these results, a DNA vaccine targeting
the HTNV M segment was developed. Hamsters vaccinated with the HTNV DNA vaccine conferred
sterile protection against HTNV, SEOV, and DOBYV infection while nonhuman primates vaccinated
with the HTNV DNA vaccine developed a robust neutralizing antibody response [54]. These successes
led to the development of M segment DNA vaccines for PUUV [55], ANDV [56], and SNV [57].

A Phase 1 clinical trial was conducted to evaluate the safety and immunogenicity of HTNV and
PUUV DNA vaccine when administered alone or in combination to healthy volunteers using gene
gun [58]. There were no study-related adverse events; however, the groups vaccinated with HINV or
PUUV DNA vaccine alone developed neutralizing antibodies in 30% or 44% of group participants.
Of participants that received the combined vaccine, 56% developed neutralizing antibodies to one
or both viruses. While the vaccines were considered safe, an additional Phase 1 clinical trial (5-11-12
1854, NTCT01502345) was conducted with these vaccines in an effort to bolster immunogenicity.
Vaccination of healthy volunteers with either HTNV, PUUYV, or combined HTNV/PUUV DNA vaccines
by intramuscular electroporation resulted in neutralizing antibodies detected in 56%, 78%, and 78% of
participants, respectively [59]. These results are promising in that increased immunogenicity can be
achieved by advances in vaccine delivery technology.

As of the writing of this manuscript, a Phase 2a clinical trial (S-14-01 2085, NTCT02116205)
of 120 healthy volunteers to optimize the dose of HTNV, PUUV, and HTNV/PUUV DNA vaccines
delivered by intramuscular electroporation is nearing completion, the final scientific report is in draft.
A Phase 1 clinical trial (5-15-40 2289) of 27 healthy volunteers to evaluate the safety and immunogenicity
of HTNV, PUUV, and HTNV/PUUV DNA vaccines delivered by the PharmaJet Stratis® is also nearing
completion, the final scientific report is in draft. Another Phase 1 clinical trial (16-0119, NTCT03682107)
of 48 healthy volunteers to evaluate the safety and immunogenicity of the ANDV DNA vaccine is
ongoing with the first cohort starting the vaccination series. Finally, a Phase 1 clinical trial (5-15-39,
NCT03718130) of 72 healthy volunteers to evaluate the safety and immunogenicity of HTNV, PUUYV,
and HTNV/PUUV DNA vaccines delivered by intradermal and intramuscular delivery using the
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TriGrid Delivery System has been approved by an Institutional Review Board, but has not yet started
recruiting. The evolution of hantavirus vaccine efforts is depicted in Table 1.

Table 1. Hantavirus candidate vaccines. ANDV: Andes virus; DOBV: Dobrava virus; HTNV: Hantaan
virus; PUUV: Puumala virus; VACV: vaccinia virus; VSV: Vesicular stomatitis virus.

Candidate Vaccine Vaccine Type Date of Last Publication
VACV-vectored HTNV (USA) Virus-vectored recombinant 2000
PUUV N, ANDV N, DOBV N (Sweden) Recombinant N protein 2002
DOBV N (Germany) Recombinant N protein 2004
HBcdDOB120, HBedHTN120, L .
HBcdPUU120 (Germany) Chimeric core particles 2005
Nonreplicating VSV/HTNV pseudotype VSV pseudotype 2006
(Japan)
DOBV N, PUUV N (Belgium) Recombinant N protein 2008
Ad-vectored ANDV (USA) Virus-vectored recombinant 2009
VSV-vectored ANDV (USA) Virus-vectored recombinant 2011
HTNVDNA, PUUV DNA (gene gun, Nucleic acid-based molecular 2012
USA)
pVAX—LAMP/Gn,. PVAX-LAMP/Ge Nucleic acid-based molecular 2018
(China)
HFRS Vaccine (China) Inactivated 2018
Hantavax® (Republic of Korea) Inactivated 2019
CD40L and GM—CSF HTNV VLPs VLP 2019
(China)

HTNV DNA, PUUV DNA (IM-EP, Nudleic acid-based molecular 2014 and ongoing clinical trial (S-14-01 2085,
USA)) NTCT02116205)

HTNV DNA, PUUV DNA (PharmaJet
Stratis®, USA)

Nucleic acid-based molecular Ongoing clinical trial (S-15-40 2289)

Ongoing clinical trial (16-0119,
NTCT03682107)

HTNV DNA, PUUV DNA (IM-EP, Nudleic acid-based molecular Ongoing clinical trial (S-15-39,
ID-EP, USA) NCT03718130)

ANDV DNA (PharmaJet Stratis®, USA) Nucleic acid-based molecular

3. Hantavirus Disease Treatment Development

Herein, hantavirus disease treatments will be described based on the timing of drug administration
in the hantavirus disease course. Drugs can be administered as either a postexposure prophylactic
or a therapeutic. A postexposure prophylactic is administered after virus infection prior to the onset
of viremia or clinical signs. A therapeutic is typically associated with a trigger-to-treat, either onset
of clinical signs or detection of viremia. Candidate drugs evaluated in hantavirus animal models is
described in Table 2.
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Table 2. Hantavirus candidate drugs.

Candidate Drug Drug Type Date of Last Publication
Ribavirin Nucleoside analog 2017
Lactoferrin Iron-binding protein 2001
ETAR Nucleoside analog 2008
Favipiravir Pyrazine derivative 2013
Vandetanib Tyrosine kinase inhibitor 2016
Methylprednisone Corticosteroids 2013
JL16, MIB22 Monoclonal antibodies 2018
Human convalescent plasma Polyclonal antibodies 2015
Purified human plasma from Polyclonal antibodies 2014

6 of 14

transchromosomal bovine

3.1. Ribavirin

Initially found to inhibit HTNV replication in vitro [60], ribavirin administered to suckling
mice after the onset of clinical signs reduced viral load and lethality by 45% compared to control
animals [61]. Ribavirin treatment was optimized using the ANDV/hamster lethal HPS model. In one
study, 100 mg/kg and 50 mg/kg of ribavirin protected hamsters from lethal HPS without toxicity [62].
It was also determined that ribavirin treatment starting up to 14 days post-ANDYV intranasal challenge
resulted in significant protection. In a second study, the postexposure efficacy of ribavirin treatment
was confirmed with protection from lethal HPS disease observed when ribavirin treatment began 3 days
following an intraperitoneal ANDV challenge [63]. Additionally, abbreviated treatment regimens
(e.g., 3 days, 5 days, and 7 days) conferred protection when treatment commenced 1 day following
virus challenge.

A clinical trial for the treatment of HFRS using ribavirin has been conducted. In this trial,
ribavirin treatment was assessed in 242 patients with confirmed HFRS in China [64]. Morbidity and
mortality were both significantly reduced confirming efficacy when administered postexposure
(i.e., prior to the onset of clinical signs). In contrast, a clinical trial for the treatment of HFRS
caused by PUUV infection conducted in Russia indicated that intravenous ribavirin did not alter
viral load kinetics [65]. Two clinical trials for the treatment of HPS using ribavirin have been
completed. Unfortunately, efficacy of intravenous ribavirin could not be assessed in either of these
trials. Similar survival curves were observed in ribavirin-treated patients when compared to HPS
patients during the same timeframe [66] or placebo-treated patients [67]. A similar conclusion reached
in both of these trials is that once HPS progresses to the cardiopulmonary phase, ribavirin (used as
a therapeutic) treatment is likely ineffective.

3.2. Lactoferrin

A single study evaluated the efficacy of the iron-binding glycoprotein, lactoferrin, to prevent
HERS in suckling mice was done [68]. While greatly limiting focus formation in vitro, a combination
of lactoferrin and ribavirin was required to completely inhibit focus formation. In the in vivo
SEOV/suckling mouse model, lactoferrin concentrations of 40 and 160 mg/kg administered as 2 doses
resulted in 85% and 94% survival, respectively, when treatment began prior to virus challenge.

3.3. ETAR

ETAR (1-beta-d-ribofuranosyl-3-ethynyl-[1,2,4] triazole) is a nucleoside analog with antiviral
activity against HTNV and ANDYV in vitro [69]. In vivo efficacy was assessed in the HTNV/suckling
mouse model. Ten days following HTNV challenge, mice were administered either 12.5 mg/kg or
25 mg/kg ETAR for 15 days resulting in a statistically significant increase in survival (25% and 26%,
respectively, when compared to 10% survival in virus-only controls).
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3.4. Favipiravir

Favipiravir is a pyrazine derivative initially discovered for its anti-influenza properties.
This compound was first evaluated in vitro against a panel of bunyaviruses and arenaviruses,
having antiviral activity against both viral families [70]. Favipiravir was evaluated in vivo and
in both the SN'V/hamster infection model and the ANDV/hamster lethal disease model. Oral twice
daily administration of 100 mg/kg/day favipiravir reduced detection of SNV RNA in the blood and
SNV antigen in the lungs [71]. Similarly, oral twice daily administration of 100 mg/kg/day favipiravir
resulted in 100% survival, reduced detection of ANDV RNA in the blood and ANDV RNA and antigen
in the lung. Consistent with other studies, delayed antiviral treatment after the onset of viremia was
not protective in the ANDV/hamster model.

3.5. Vandetanib

Mechanisms of increased microvascular endothelial cell permeability due to hantavirus infection
have been examined in vitro. ANDV enhances the permeability of endothelial cells in response to
VEGEF [72-74] and a 3D human lung tissue model showed increased expression of VEGF-A in response
to ANDV infection [75]. As increased levels of VEGF have been noted in the plasma and serum of
HPS patients [74,76], small molecules targeting vasoactive mediators are a novel way to repurpose
FDA-approved drugs towards an alternative indication. Vandetanib is a tyrosine-kinase inhibitor
targeting VEGF receptor 2 (VEGFR2) with the ability to prevent phosphorylation of VEGFR2 in vitro
resulting in decreased VE-cadherin degradation [77]. In the ANDV/hamster model, hamsters treated
with 10, 25, and 50 mg/kg/day starting 5 days before ANDV challenge delayed lethality and increased
total survival by 23%. Similar small molecule drugs have been evaluated as a therapeutic (treatment
starting after the onset of viremia) in the ANDV/hamster model with no effect [78].

3.6. Corticosteroids

Hantaviruses preferentially infect endothelial cells and induce host responses to include
a proinflammatory cytokine response. While not an antiviral, it was thought that limiting this
aspect of the immune response to virus infection may confer clinical benefit. The first evaluation of
this was done during the Korean War. Cortisone therapy was administered by either the intramuscular
or oral route [79]. There was no decrease in mortality, but it was determined that there was decreased
lethality due to shock.

In Chile, a retrospective analysis of 22 HCPS patients treated with a high dose of
methylprednisolone suggested that treatment reduced shock and mortality [80]. This led to the
implementation of this treatment in some Chilean medical centers [81]. Subsequently, a phase 2 clinical
trial to evaluate the safety and efficacy of intravenous methylprednisolone for the treatment of HPS in
the cardiopulmonary phase was conducted. The results of this trial indicate that methylprednisolone
does not confer clinical benefit [81].

3.7. Immunotherapy, Monoclonal Antibodies

In the 1980s, several monoclonal antibodies to HTNV were characterized describing neutralization
sites on the glycoproteins, G, and G [82-84]. In an effort to correlate specific viral epitopes with
protection from HTNV infection, monoclonal antibodies were evaluated by passive transfer [35].
This pivotal experiment demonstrated that of 15 monoclonal antibodies tested, a neutralizing antibody
response to either G, or G alone is sufficient to prevent HTNV infection in hamsters. Protective efficacy
of the monoclonal antibody HCO2 was confirmed in a subsequent HTNV/hamster experiment [85].
The finding that neutralizing monoclonal antibodies were protective was also confirmed later in
a suckling mouse/HTNV model [86].

Recently, researchers have shown that two recombinant monoclonal antibodies generated from an
ANDY convalescent survivor with high neutralizing antibody titers protected ANDV-infected hamsters
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from lethal disease [87]. In this study, convalescent sera from 27 ANDYV survivors was screened and
a single patient with high neutralizing antibody titer was selected. Recombinant antibodies were
produced from ANDV glycoprotein-specific memory B cells and two monoclonal antibodies, JL16 and
MIB22, effectively neutralized ANDV in vitro. In vivo, passively transferred antibodies on days 3 and
8 postinfection prevented lethality in ANDV intranasally infected hamsters when administered either
alone or in combination.

3.8. Immunotherapy, Polyclonal Antibodies

Human convalescent plasma has been shown to protect animals in both the SNV/deer mouse
infection model [88] and the ANDV/hamster lethal disease model [89] demonstrating that neutralizing
antibody is sufficient to protect from infection and disease. When translating these finding to the clinic,
in a nonrandomized multicenter trial of human immune plasma for treatment of HPS caused by ANDYV,
researchers in Chile discovered intravenous infusion of 5000 NAU/kg resulted in borderline statistically
significant clinical benefit [90]. The authors hypothesize that earlier treatment, as demonstrated
in the ANDV/hamster model, would likely increase positive outcomes. The need for ABO blood
typing of convalescent plasma and the lack of a standardized product are two main limiting factors to
this therapy.

To this end, the development of a standardized polyclonal antibody product using hantavirus
DNA vaccines is currently in-progress. Hantavirus DNA vaccines have been shown to be immunogenic
in rabbits, NHPs, ducks, and geese [53-56,89,91-93]. Most recently, a fully human polyclonal antibody
product generated in ANDV DNA and SNV DNA vaccinated transchromosomal bovine protects
in two lethal HPS animal models [94]. Current work is underway to expand this research to create
a standardized polyclonal antibody product against ANDV, SNV, HTNV, and PUUYV that can move
forward through preclinical testing towards a Phase 1 clinical trial.

4. Conclusions

The number of hantavirus disease cases each year warrants the development of medical
countermeasures to combat infection from these viruses. However, the number of cases each year
do not necessitate a widespread vaccination strategy outside of endemic areas except in the case of
military conducting operations in these areas. Therefore, it is imperative to work towards the goal of
a vaccine and an antiviral that could be used individually or in combination. An antiviral, such as
a polyclonal antibody therapy, would provide instant immunity while vaccination could provide
long-lasting immunity. Vaccination would also prevent the spread of ANDYV, the only hantavirus
with demonstrated person-to-person transmission. Antiviral treatment and vaccination is a strategy
currently used for rabies virus infection that could be applied to hantavirus infections.

The timing of treatment intervention presents a challenge for hantavirus disease, especially cases
of HPS. Animal models have repeatedly shown that antivirals are not effective if administered after
the onset of viremia. The prodrome phase can be difficult to differentiate from other febrile illnesses,
hampering early intervention efforts. Continued work is required to determine if there are early host
responses that can be used to support a hantavirus diagnosis.

Additionally, the lack of an HFRS disease model that faithfully recapitulates the salient features of
human HFRS disease is hampering medical countermeasure development efforts. Current infection
models have utility for testing vaccines and antivirals in which sterile immunity can be used as an
output. The unavailability of a model that can be used to evaluate antivirals targeting specific aspects
of pathogenesis, postexposure prophylactics, or therapeutics is a major shortcoming of the field.

The advancement of several vaccines into clinical trials is promising for the future use of these
vaccines as licensed products or in emergency use. There are several path-to-licensure issues that
must be overcome, reviewed in [95]. These include limited site for Phase III efficacy trials, lack of
significant government and industry investments, and current limitations to the use of “animal rule.”
Continued research efforts are necessary to propel more antiviral products towards clinical trials.
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The need for these medical countermeasures perpetuates as outbreaks around the world continue
to occur.

Funding: This review is supported by the National Institute of Allergy and Infectious Diseases of the National
Institutes of Health under Award Number R01AI32313. The content is solely the responsibility of the authors and
does not necessarily represent the official views of the National Institutes of Health. Opinions, interpretations,
conclusions, and recommendations are ours and are not necessarily endorsed by the U.S. Army or the Department
of Defense.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Elliot, RM.; Schmaljohn, C.S. Bunyaviridae. In Fields Virology, 6th ed.; Knipe, D., Howley, P, Eds.; Lippincott,
Williams & Wilkins: Philadelphia, PA, USA, 2013; Volume 1, p. 1244.

2. Avsic-Zupanc, T.; Saksida, A.; Korva, M. Hantavirus infections. Clin. Microbiol. Infect. 2019. [CrossRef]

3. Lin, XD.; Guo, W.P; Wang, W.; Zou, Y;; Hao, Z.Y.; Zhou, DJ,; Dong, X.; Qu, Y.G,; Li, M.H,; Tian, H.F; et al. Migration
of norway rats resulted in the worldwide distribution of seoul hantavirus today. J. Virol. 2012, 86, 972-981. [CrossRef]
[PubMed]

4. Jonsson, C.B.; Hooper, J.; Mertz, G. Treatment of hantavirus pulmonary syndrome. Antiviral Res. 2008, 78, 162-169.
[CrossRef]

5. Martinez-Valdebenito, C.; Calvo, M.; Vial, C.; Mansilla, R.; Marco, C.; Palma, R.E.; Vial, P.A.; Valdivieso, F.;
Mertz, G.; Ferres, M. Person-to-person household and nosocomial transmission of andes hantavirus, southern
chile, 2011. Emerg. Infect. Dis. 2014, 20, 1629-1636. [CrossRef] [PubMed]

6. Gavrilovskaya, I.; Gorbunova, E.; Matthys, V.; Dalrymple, N.; Mackow, E. The role of the endothelium in hps
pathogenesis and potential therapeutic approaches. Adv. Virol. 2012, 2012, 467059. [CrossRef] [PubMed]

7. Clement, J.; Maes, P.; Van Ranst, M. Hemorrhagic fever with renal syndrome in the new, and hantavirus
pulmonary syndrome in the old world: Paradi(se)gm lost or regained? Virus Res. 2014, 187, 55-58. [CrossRef]
[PubMed]

8. Duchin, J.S.; Koster, ET.; Peters, C.J.; Simpson, G.L.; Tempest, B.; Zaki, S.R.; Ksiazek, T.G.; Rollin, PE,;
Nichol, S.; Umland, E.T.; et al. Hantavirus pulmonary syndrome: A clinical description of 17 patients with
a newly recognized disease. The hantavirus study group. N Engl. . Med. 1994, 330, 949-955. [CrossRef]
[PubMed]

9.  Alexeyev, O.A.; Baranov, B.A. Puumala virus infection without signs of renal involvement. Scand. ]. Infect. Dis.
1993, 25, 525-527. [CrossRef]

10. Jonsson, C.B.; Figueiredo, L.T.; Vapalahti, O. A global perspective on hantavirus ecology, epidemiology,
and disease. Clin. Microbiol. Rev. 2010, 23, 412-441. [CrossRef]

11. Zhang, Y.Z.; Zou, Y.; Fu, Z.F; Plyusnin, A. Hantavirus infections in humans and animals, China.
Emerg. Infect. Dis. 2010, 16, 1195-1203. [CrossRef]

12.  Knust, B.; Rollin, PE. Twenty-year summary of surveillance for human hantavirus infections, United States.
Emerg. Infect. Dis. 2013, 19, 1934-1937. [CrossRef] [PubMed]

13. Drebot, M.A.;Jones,S.; Grolla, A.; Safronetz, D.; Strong, J.E.; Kobinger, G.; Lindsay, R.L. Hantavirus pulmonary
syndrome in canada: An overview of clinical features, diagnostics, epidemiology and prevention.
Can. Commun Dis. Rep. 2015, 41, 124-131. [CrossRef] [PubMed]

14. Riquelme, R.; Rioseco, M.L.; Bastidas, L.; Trincado, D.; Riquelme, M.; Loyola, H.; Valdivieso, F. Hantavirus
pulmonary syndrome, Southern Chile, 1995-2012. Emerg. Infect. Dis. 2015, 21, 562-568. [CrossRef] [PubMed]

15. Alonso, D.O.; Iglesias, A.; Coelho, R.; Periolo, N.; Bruno, A.; Cordoba, M.T.; Filomarino, N.; Quipildor, M.;
Biondo, E.; Fortunato, E.; et al. Epidemiological description, case-fatality rate, and trends of hantavirus
pulmonary syndrome: 9 years of surveillance in Argentina. J. Med. Virol 2019, 91, 1173-1181. [CrossRef]
[PubMed]

16. Martinez, V.P; Bellomo, C.M.; Cacace, M.L.; Suarez, P; Bogni, L.; Padula, PJ. Hantavirus pulmonary
syndrome in Argentina, 1995-2008. Emerg. Infect. Dis. 2010, 16, 1853-1860. [CrossRef] [PubMed]

17.  Figueiredo, L.T.; Moreli, M.L.; de-Sousa, R.L.; Borges, A.A.; de-Figueiredo, G.G.; Machado, A.M.; Bisordi, I.;
Nagasse-Sugahara, T.K.; Suzuki, A.; Pereira, L.E.; et al. Hantavirus pulmonary syndrome, Central Plateau,
Southeastern, and Southern Brazil. Emerg. Infect. Dis. 2009, 15, 561-567. [CrossRef] [PubMed]


http://dx.doi.org/10.1111/1469-0691.12291
http://dx.doi.org/10.1128/JVI.00725-11
http://www.ncbi.nlm.nih.gov/pubmed/22090114
http://dx.doi.org/10.1016/j.antiviral.2007.10.012
http://dx.doi.org/10.3201/eid2010.140353
http://www.ncbi.nlm.nih.gov/pubmed/25272189
http://dx.doi.org/10.1155/2012/467059
http://www.ncbi.nlm.nih.gov/pubmed/22811711
http://dx.doi.org/10.1016/j.virusres.2013.12.036
http://www.ncbi.nlm.nih.gov/pubmed/24440318
http://dx.doi.org/10.1056/NEJM199404073301401
http://www.ncbi.nlm.nih.gov/pubmed/8121458
http://dx.doi.org/10.3109/00365549309008537
http://dx.doi.org/10.1128/CMR.00062-09
http://dx.doi.org/10.3201/eid1608.090470
http://dx.doi.org/10.3201/eid1912.131217
http://www.ncbi.nlm.nih.gov/pubmed/24274585
http://dx.doi.org/10.14745/ccdr.v41i06a02
http://www.ncbi.nlm.nih.gov/pubmed/29769944
http://dx.doi.org/10.3201/eid2104.141437
http://www.ncbi.nlm.nih.gov/pubmed/25816116
http://dx.doi.org/10.1002/jmv.25446
http://www.ncbi.nlm.nih.gov/pubmed/30840775
http://dx.doi.org/10.3201/eid1612.091170
http://www.ncbi.nlm.nih.gov/pubmed/21122213
http://dx.doi.org/10.3201/eid1504.080289
http://www.ncbi.nlm.nih.gov/pubmed/19331732

Viruses 2019, 11, 610 10 of 14

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Figueiredo, L.T.; Souza, W.M.; Ferres, M.; Enria, D.A. Hantaviruses and cardiopulmonary syndrome in
South America. Virus Res. 2014, 187, 43-54. [CrossRef] [PubMed]

Li, Z.; Zeng, H.; Wang, Y.; Zhang, Y.; Cheng, L.; Zhang, F; Lei, Y.; Jin, B.; Ma, Y.; Chen, L. 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, 802-807. [CrossRef] [PubMed]

Cho, HW.,; Howard, C.R. Antibody responses in humans to an inactivated hantavirus vaccine (hantavax).
Vaccine 1999, 17, 2569-2575. [CrossRef]

Jung, J.; Ko, S.J.; Oh, H.S.; Moon, S.M.; Song, ] W.; Huh, K. Protective effectiveness of inactivated hantavirus
vaccine against hemorrhagic fever with renal syndrome. J. Infect. Dis. 2018, 217, 1417-1420. [CrossRef]
Song, ].Y.; Woo, H.]J.; Cheong, F.J.; Noh, ].Y.; Baek, L.J.; Kim, W.J. Long-term immunogenicity and safety
of inactivated hantaan virus vaccine (hantavax) in healthy adults. Vaccine 2016, 34, 1289-1295. [CrossRef]
[PubMed]

Yi, Y.; Park, H.; Jung, J. Effectiveness of inactivated hantavirus vaccine on the disease severity of hemorrhagic
fever with renal syndrome. Kidney Res. Clin. Pract. 2018, 37, 366-372. [CrossRef] [PubMed]

Schmaljohn, C.; Hjelle, B. Hantaviruses: A global disease problem. Emerg. Infect. Dis. 1997, 3, 95-104.
[CrossRef] [PubMed]

Acuna, R; Cifuentes-Munoz, N.; Marquez, C.L.; Bulling, M.; Klingstrom, J.; Mancini, R.; Lozach, PY.; Tischler, N.D.
Hantavirus gn and gc glycoproteins self-assemble into virus-like particles. J. Virol. 2014, 88, 2344-2348. [CrossRef]
[PubMed]

Betenbaugh, M.; Yu, M.; Kuehl, K.; White, ]J.; Pennock, D.; Spik, K.; Schmaljohn, C. Nucleocapsid- and
virus-like particles assemble in cells infected with recombinant baculoviruses or vaccinia viruses expressing
the M and the S segments of hantaan virus. Virus Res. 1995, 38, 111-124. [CrossRef]

Ying, Q.; Ma, T.; Cheng, L.; Zhang, X.; Truax, A.D.; Ma, R.; Liu, Z; Lei, Y.; Zhang, L.; Ye, W.; et al.
Construction and immunological characterization of CD40L or GM-CSF incorporated hantaan virus like
particle. Oncotarget 2016, 7, 63488-63503. [CrossRef]

Dong, Y.; Ma, T.; Zhang, X,; Ying, Q.; Han, M.; Zhang, M.; Yang, R; Li, Y.; Wang, F,; Liu, R.; et al. Incorporation
of CD40 ligand or granulocyte-macrophage colony stimulating factor into hantaan virus (HTNV) virus-like
particles significantly enhances the long-term immunity potency against HTNV infection. J. Med. Microbiol.
2019, 68, 480—-492. [CrossRef]

Koletzki, D.; Zankl, A.; Gelderblom, H.R.; Meisel, H.; Dislers, A.; Borisova, G.; Pumpens, P.; Kruger, D.H.;
Ulrich, R. Mosaic hepatitis b virus core particles allow insertion of extended foreign protein segments.
J. Gen. Virol 1997, 78, 2049-2053. [CrossRef]

Ulrich, R.; Lundkvist, A.; Meisel, H.; Koletzki, D.; Sjolander, K.B.; Gelderblom, H.R.; Borisova, G.; Schnitzler, P;
Darai, G.; Kruger, D.H. Chimaeric hbv core particles carrying a defined segment of puumala hantavirus
nucleocapsid protein evoke protective immunity in an animal model. Vaccine 1998, 16, 272-280. [CrossRef]
Ulrich, R.; Koletzki, D.; Lachmann, S.; Lundkvist, A.; Zankl, A.; Kazaks, A.; Kurth, A.; Gelderblom, H.R.;
Borisova, G.; Meisel, H.; et al. New chimaeric hepatitis b virus core particles carrying hantavirus (serotype
puumala) epitopes: Immunogenicity and protection against virus challenge. J. Biotechnol. 1999, 73, 141-153.
[CrossRef]

Koletzki, D.; Lundkvist, A.; Sjolander, K.B.; Gelderblom, H.R.; Niedrig, M.; Meisel, H.; Kruger, D.H.; Ulrich, R.
Puumala (PUU) hantavirus strain differences and insertion positions in the hepatitis b virus core antigen influence
b-cell immunogenicity and protective potential of core-derived particles. Virology 2000, 276, 364-375. [CrossRef]
[PubMed]

Geldmacher, A.; Skrastina, D.; Borisova, G.; Petrovskis, I.; Kruger, D.H.; Pumpens, P; Ulrich, R. A hantavirus
nucleocapsid protein segment exposed on hepatitis b virus core particles is highly immunogenic in mice when applied
without adjuvants or in the presence of pre-existing anti-core antibodies. Vaccine 2005, 23, 3973-3983. [CrossRef]
[PubMed]

Geldmacher, A.; Skrastina, D.; Petrovskis, I.; Borisova, G.; Berriman, J.A.; Roseman, A.M.; Crowther, R.A.;
Fischer, J.; Musema, S.; Gelderblom, H.R.; et al. An amino-terminal segment of hantavirus nucleocapsid
protein presented on hepatitis B virus core particles induces a strong and highly cross-reactive antibody
response in mice. Virology 2004, 323, 108-119. [CrossRef] [PubMed]

Schmaljohn, C.S.; Chu, Y.K,; Schmaljohn, A.L.; Dalrymple, ]. M. Antigenic subunits of hantaan virus expressed
by baculovirus and vaccinia virus recombinants. J. Virol. 1990, 64, 3162-3170. [PubMed]


http://dx.doi.org/10.1016/j.virusres.2014.01.015
http://www.ncbi.nlm.nih.gov/pubmed/24508343
http://dx.doi.org/10.1080/21645515.2016.1253645
http://www.ncbi.nlm.nih.gov/pubmed/27824286
http://dx.doi.org/10.1016/S0264-410X(99)00057-2
http://dx.doi.org/10.1093/infdis/jiy037
http://dx.doi.org/10.1016/j.vaccine.2016.01.031
http://www.ncbi.nlm.nih.gov/pubmed/26826547
http://dx.doi.org/10.23876/j.krcp.18.0044
http://www.ncbi.nlm.nih.gov/pubmed/30619692
http://dx.doi.org/10.3201/eid0302.970202
http://www.ncbi.nlm.nih.gov/pubmed/9204290
http://dx.doi.org/10.1128/JVI.03118-13
http://www.ncbi.nlm.nih.gov/pubmed/24335294
http://dx.doi.org/10.1016/0168-1702(95)00053-S
http://dx.doi.org/10.18632/oncotarget.11329
http://dx.doi.org/10.1099/jmm.0.000897
http://dx.doi.org/10.1099/0022-1317-78-8-2049
http://dx.doi.org/10.1016/S0264-410X(97)00172-2
http://dx.doi.org/10.1016/S0168-1656(99)00117-0
http://dx.doi.org/10.1006/viro.2000.0540
http://www.ncbi.nlm.nih.gov/pubmed/11040127
http://dx.doi.org/10.1016/j.vaccine.2005.02.025
http://www.ncbi.nlm.nih.gov/pubmed/15917119
http://dx.doi.org/10.1016/j.virol.2004.02.022
http://www.ncbi.nlm.nih.gov/pubmed/15165823
http://www.ncbi.nlm.nih.gov/pubmed/1972201

Viruses 2019, 11, 610 11 of 14

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Lundkvist, A.; Kallio-Kokko, H.; Sjolander, K.B.; Lankinen, H.; Niklasson, B.; Vaheri, A.; Vapalahti, O.
Characterization of puumala virus nucleocapsid protein: Identification of b-cell epitopes and domains
involved in protective immunity. Virology 1996, 216, 397-406. [CrossRef] [PubMed]

Dargeviciute, A.; Brus Sjolander, K.; Sasnauskas, K.; Kruger, D.H.; Meisel, H.; Ulrich, R.; Lundkvist, A.
Yeast-expressed puumala hantavirus nucleocapsid protein induces protection in a bank vole model. Vaccine
2002, 20, 3523-3531. [CrossRef]

De Carvalho Nicacio, C.; Gonzalez Della Valle, M.; Padula, P.; Bjorling, E.; Plyusnin, A.; Lundkvist, A.
Cross-protection against challenge with puumala virus after immunization with nucleocapsid proteins from
different hantaviruses. J. Virol. 2002, 76, 6669-6677. [CrossRef]

Geldmacher, A.; Schmaler, M.; Kruger, D.H.; Ulrich, R. Yeast-expressed hantavirus dobrava nucleocapsid
protein induces a strong, long-lasting, and highly cross-reactive immune response in mice. Viral Immunol
2004, 17, 115-122. [CrossRef]

Maes, P; Keyaerts, E.; Bonnet, V., Clement, J.; Avsic-Zupanc, T.; Robert, A; Van Ranst, M.
Truncated recombinant dobrava hantavirus nucleocapsid proteins induce strong, long-lasting immune
responses in mice. Intervirology 2006, 49, 253-260. [CrossRef]

Maes, P; Clement, J.; Cauwe, B.; Bonnet, V.; Keyaerts, E.; Robert, A.; Van Ranst, M. Truncated recombinant
puumala virus nucleocapsid proteins protect mice against challenge in vivo. Viral Immunol. 2008, 21, 49-60.
[CrossRef]

Schmaljohn, C.S.; Hasty, S.E.; Dalrymple, ].M. Preparation of candidate vaccinia-vectored vaccines for
haemorrhagic fever with renal syndrome. Vaccine 1992, 10, 10-13. [CrossRef]

Chu, YK; Jennings, G.B.; Schmaljohn, C.S. A vaccinia virus-vectored hantaan virus vaccine protects hamsters
from challenge with hantaan and seoul viruses but not puumala virus. J. Virol. 1995, 69, 6417-6423. [PubMed]
McClain, D.J.; Summers, P.L.; Harrison, S.A.; Schmaljohn, A.L.; Schmaljohn, C.S. Clinical evaluation of
a vaccinia-vectored hantaan virus vaccine. J. Med. Virol. 2000, 60, 77-85. [CrossRef]

Safronetz, D.; Hegde, N.R.; Ebihara, H.; Denton, M.; Kobinger, G.P.; St Jeor, S.; Feldmann, H.; Johnson, D.C.
Adenovirus vectors expressing hantavirus proteins protect hamsters against lethal challenge with andes
virus. J. Virol. 2009, 83, 7285-7295. [CrossRef] [PubMed]

Lee, B.H.; Yoshimatsu, K.; Araki, K.; Okumura, M.; Nakamura, I.; Arikawa, J. A pseudotype vesicular
stomatitis virus containing hantaan virus envelope glycoproteins G1 and G2 as an alternative to hantavirus
vaccine in mice. Vaccine 2006, 24, 2928-2934. [CrossRef] [PubMed]

Brown, K.S.; Safronetz, D.; Marzi, A.; Ebihara, H.; Feldmann, H. Vesicular stomatitis virus-based vaccine
protects hamsters against lethal challenge with andes virus. J. Virol. 2011, 85, 12781-12791. [CrossRef]
[PubMed]

Prescott, J.; DeBuysscher, B.L.; Brown, K.S.; Feldmann, H. Long-term single-dose efficacy of a vesicular
stomatitis virus-based andes virus vaccine in Syrian Hamsters. Viruses 2014, 6, 516-523. [CrossRef] [PubMed]
Jiang, D.B.; Sun, Y.J.; Cheng, L.F,; Zhang, G.F,; Dong, C.; Jin, B.Q.; Song, C.J.; Ma, Y.; Zhang, FL.; Yang, K.
Construction and evaluation of DNA vaccine encoding hantavirus glycoprotein n-terminal fused with
lysosome-associated membrane protein. Vaccine 2015, 33, 3367-3376. [CrossRef]

Jiang, D.B.; Sun, L.J.; Cheng, L.F,; Zhang, ].P,; Xiao, S.B.; Sun, Y.J.; Yang, S.Y.; Wang, J.; Zhang, FL.; Yang, K.
Recombinant DNA vaccine of hantavirus gn and lamp1 induced long-term immune protection in mice.
Antiviral Res. 2017, 138, 32-39. [CrossRef]

Jiang, D.B.; Zhang, ].P; Cheng, L.F,; Zhang, GW.; Li, Y.; Li, Z.C.; Lu, ZH.; Zhang, Z.X,; Lu, Y.C; Zheng, LH.;
et al. Hantavirus gc induces long-term immune protection via lamp-targeting DNA vaccine strategy.
Antiviral Res. 2018, 150, 174-182. [CrossRef]

Kamrud, K.I.; Hooper, ].W.; Elgh, F.; Schmaljohn, C.S. Comparison of the protective efficacy of naked DNA,
DNA-based sindbis replicon, and packaged sindbis replicon vectors expressing hantavirus structural genes
in hamsters. Virology 1999, 263, 209-219. [CrossRef] [PubMed]

Hooper, ].W.; Kamrud, K.I; Elgh, E; Custer, D.; Schmaljohn, C.S. DNA vaccination with hantavirus m
segment elicits neutralizing antibodies and protects against seoul virus infection. Virology 1999, 255, 269-278.
[CrossRef] [PubMed]

Hooper, ].W.; Custer, D.M.; Thompson, E.; Schmaljohn, C.S. DNA vaccination with the hantaan virus m
gene protects hamsters against three of four hfrs hantaviruses and elicits a high-titer neutralizing antibody
response in rthesus monkeys. J. Virol. 2001, 75, 8469-8477. [CrossRef] [PubMed]


http://dx.doi.org/10.1006/viro.1996.0075
http://www.ncbi.nlm.nih.gov/pubmed/8607269
http://dx.doi.org/10.1016/S0264-410X(02)00341-9
http://dx.doi.org/10.1128/JVI.76.13.6669-6677.2002
http://dx.doi.org/10.1089/088282404322875511
http://dx.doi.org/10.1159/000093454
http://dx.doi.org/10.1089/vim.2007.0059
http://dx.doi.org/10.1016/0264-410X(92)90412-D
http://www.ncbi.nlm.nih.gov/pubmed/7666542
http://dx.doi.org/10.1002/(SICI)1096-9071(200001)60:1&lt;77::AID-JMV13&gt;3.0.CO;2-S
http://dx.doi.org/10.1128/JVI.00373-09
http://www.ncbi.nlm.nih.gov/pubmed/19403663
http://dx.doi.org/10.1016/j.vaccine.2005.12.040
http://www.ncbi.nlm.nih.gov/pubmed/16426712
http://dx.doi.org/10.1128/JVI.00794-11
http://www.ncbi.nlm.nih.gov/pubmed/21917979
http://dx.doi.org/10.3390/v6020516
http://www.ncbi.nlm.nih.gov/pubmed/24492621
http://dx.doi.org/10.1016/j.vaccine.2015.05.007
http://dx.doi.org/10.1016/j.antiviral.2016.12.001
http://dx.doi.org/10.1016/j.antiviral.2017.12.011
http://dx.doi.org/10.1006/viro.1999.9961
http://www.ncbi.nlm.nih.gov/pubmed/10544095
http://dx.doi.org/10.1006/viro.1998.9586
http://www.ncbi.nlm.nih.gov/pubmed/10069952
http://dx.doi.org/10.1128/JVI.75.18.8469-8477.2001
http://www.ncbi.nlm.nih.gov/pubmed/11507192

Viruses 2019, 11, 610 12 of 14

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Brocato, R.L.; Josleyn, M.].; Wahl-Jensen, V.; Schmaljohn, C.S.; Hooper, ].W. Construction and nonclinical
testing of a puumala virus synthetic m gene-based DNA vaccine. Clin. Vaccine Immunol. 2013, 20, 218-226.
[CrossRef] [PubMed]

Custer, D.M.; Thompson, E.; Schmaljohn, C.S.; Ksiazek, T.G.; Hooper, ].W. Active and passive vaccination
against hantavirus pulmonary syndrome with andes virus M genome segment-based DNA vaccine. ]. Virol.
2003, 77,9894-9905. [CrossRef] [PubMed]

Hooper, ].W.; 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). Vaccine 2013, 31, 4314-4321. [CrossRef] [PubMed]

Boudreau, E.F; Josleyn, M.; Ullman, D.; Fisher, D.; Dalrymple, L.; Sellers-Myers, K.; Loudon, P.; Rusnak, J.;
Rivard, R.; Schmaljohn, C.; et al. A phase 1 clinical trial of hantaan virus and puumala virus m-segment
DNA vaccines for hemorrhagic fever with renal syndrome. Vaccine 2012, 30, 1951-1958. [CrossRef]
Hooper, J.W.; Moon, J.E.; Paolino, K.M.; Newcomer, R.; McLain, D.E.; Josleyn, M.; Hannaman, D.;
Schmaljohn, C. A phase 1 clinical trial of hantaan virus and puumala virus m-segment DNA vaccines for
haemorrhagic fever with renal syndrome delivered by intramuscular electroporation. Clin. Microbiol. Infect.
2014, 20 Suppl 5, 110-117. [CrossRef]

Huggins, J.W.; Robins, RK.; Canonico, P.G. Synergistic antiviral effects of ribavirin and the
c-nucleoside analogs tiazofurin and selenazofurin against togaviruses, bunyaviruses, and arenaviruses.
Antimicrob. Agents Chemother. 1984, 26, 476—480. [CrossRef]

Huggins, ] W.; Kim, G.R.; Brand, O.M.; McKee, K.T,, Jr. Ribavirin therapy for hantaan virus infection in
suckling mice. J. Infect. Dis. 1986, 153, 489-497. [CrossRef]

Ogg, M.; Jonsson, C.B.; Camp, J.V.; Hooper, ].W. Ribavirin protects syrian hamsters against lethal hantavirus
pulmonary syndrome-after intranasal exposure to andes virus. Viruses 2013, 5, 2704-2720. [CrossRef]
[PubMed]

Safronetz, D.; Haddock, E.; Feldmann, F,; Ebihara, H.; Feldmann, H. In vitro and in vivo activity of ribavirin
against andes virus infection. PloS ONE 2011, 6, €23560. [CrossRef] [PubMed]

Huggins, ].W.; Hsiang, C.M.; Cosgriff, TM.; Guang, M.Y,; Smith, ].I; Wu, Z.O.; LeDuc, ].W.; Zheng, Z.M.;
Meegan, ].M.; Wang, Q.N.; 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, 1119-1127.
[CrossRef] [PubMed]

Malinin, O.V.; Platonov, A.E. Insufficient efficacy and safety of intravenous ribavirin in treatment of
haemorrhagic fever with renal syndrome caused by puumala virus. Infect. Dis. (Lond) 2017, 49, 514-520.
[CrossRef] [PubMed]

Chapman, L.E.; Mertz, G.J.; Peters, C.J.; Jolson, H.M.; Khan, A.S.; Ksiazek, T.G.; Koster, ET.; Baum, K.F;
Rollin, P.E.; Pavia, A.T; 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, 211-219. [PubMed]
Mertz, G.J.; Miedzinski, L.; Goade, D.; Pavia, A.T.; Hjelle, B.; Hansbarger, C.O.; Levy, H.; Koster, ET.; Baum, K,;
Lindemulder, A.; et al. Placebo-controlled, double-blind trial of intravenous ribavirin for the treatment of
hantavirus cardiopulmonary syndrome in north america. Clin. Infect. Dis. 2004, 39, 1307-1313. [CrossRef]
[PubMed]

Murphy, M.E,; Kariwa, H.; Mizutani, T.; Tanabe, H.; Yoshimatsu, K.; Arikawa, J.; Takashima, I. Characterization of
in vitro and in vivo antiviral activity of lactoferrin and ribavirin upon hantavirus. J. Vet. Med. Sci. 2001, 63, 637-645.
[CrossRef]

Chung, D.H.; Kumarapperuma, S.C.; Sun, Y; Li, Q.; Chu, Y.K,; Arterburn, ].B.; Parker, W.B.; Smith, J.; Spik, K,;
Ramanathan, H.N.; 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. [CrossRef]

Gowen, B.B.; Wong, M.H.; Jung, K.H.; Sanders, A.B.; Mendenhall, M.; Bailey, KW.; Furuta, Y,;
Sidwell, RW. Invitro and in vivo activities of T-705 against arenavirus and bunyavirus infections.
Antimicrob. Agents Chemother. 2007, 51, 3168-3176. [CrossRef]

Safronetz, D.; Falzarano, D.; Scott, D.P.; Furuta, Y.; Feldmann, H.; Gowen, B.B. Antiviral efficacy of favipiravir
against two prominent etiological agents of hantavirus pulmonary syndrome. Antimicrob. Agents Chemother.
2013, 57, 4673-4680. [CrossRef]


http://dx.doi.org/10.1128/CVI.00546-12
http://www.ncbi.nlm.nih.gov/pubmed/23239797
http://dx.doi.org/10.1128/JVI.77.18.9894-9905.2003
http://www.ncbi.nlm.nih.gov/pubmed/12941899
http://dx.doi.org/10.1016/j.vaccine.2013.07.025
http://www.ncbi.nlm.nih.gov/pubmed/23892100
http://dx.doi.org/10.1016/j.vaccine.2012.01.024
http://dx.doi.org/10.1111/1469-0691.12553
http://dx.doi.org/10.1128/AAC.26.4.476
http://dx.doi.org/10.1093/infdis/153.3.489
http://dx.doi.org/10.3390/v5112704
http://www.ncbi.nlm.nih.gov/pubmed/24217424
http://dx.doi.org/10.1371/journal.pone.0023560
http://www.ncbi.nlm.nih.gov/pubmed/21853152
http://dx.doi.org/10.1093/infdis/164.6.1119
http://www.ncbi.nlm.nih.gov/pubmed/1683355
http://dx.doi.org/10.1080/23744235.2017.1293841
http://www.ncbi.nlm.nih.gov/pubmed/28276794
http://www.ncbi.nlm.nih.gov/pubmed/10723500
http://dx.doi.org/10.1086/425007
http://www.ncbi.nlm.nih.gov/pubmed/15494907
http://dx.doi.org/10.1292/jvms.63.637
http://dx.doi.org/10.1016/j.antiviral.2008.02.003
http://dx.doi.org/10.1128/AAC.00356-07
http://dx.doi.org/10.1128/AAC.00886-13

Viruses 2019, 11, 610 13 of 14

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Gavrilovskaya, I.N.; Gorbunova, E.E.; Mackow, N.A.; Mackow, E.R. Hantaviruses direct endothelial cell
permeability by sensitizing cells to the vascular permeability factor vegf, while angiopoietin 1 and sphingosine
1-phosphate inhibit hantavirus-directed permeability. J. Virol. 2008, 82, 5797-5806. [CrossRef] [PubMed]
Gorbunova, E.E.; Gavrilovskaya, L.N.; Pepini, T.; Mackow, E.R. Vegfr2 and src kinase inhibitors suppress
andes virus-induced endothelial cell permeability. J. Virol. 2011, 85, 2296-2303. [CrossRef] [PubMed]
Shrivastava-Ranjan, P; Rollin, PE.; Spiropoulou, C.E Andes virus disrupts the endothelial cell barrier by induction of
vascular endothelial growth factor and downregulation of ve-cadherin. J. Virol. 2010, 84, 11227-11234. [CrossRef]
[PubMed]

Sundstrom, K.B.; Nguyen Hoang, A.T.; Gupta, S.; Ahlm, C.; Svensson, M.; Klingstrom, J. Andes
hantavirus-infection of a 3d human lung tissue model reveals a late peak in progeny virus production
followed by increased levels of proinflammatory cytokines and vegf-a. PLOS ONE 2016, 11, e0149354.
[CrossRef] [PubMed]

Morzunov, S.P.; Khaiboullina, S.F,; St Jeor, S.; Rizvanov, A.A.; Lombardi, V.C. Multiplex analysis of serum
cytokines in humans with hantavirus pulmonary syndrome. Front. Immunol. 2015, 6, 432. [CrossRef]
[PubMed]

Bird, B.H.; Shrivastava-Ranjan, P; Dodd, K.A.; Erickson, B.R.; Spiropoulou, C.E Effect of vandetanib on andes
virus survival in the hamster model of hantavirus pulmonary syndrome. Antiviral Res. 2016, 132, 66-69. [CrossRef]
[PubMed]

Brocato, R.L.; Hooper, ].W. Evaluation of candidate drugs targeting hantavirus pulmonary syndrome in the
Syrian hamster/Andes virus disease model. In preparation.

Sayer, W.J.; Entwhisle, G.; Uyeno, B.; Bignall, R.C. Cortisone therapy of early epidemic hemorrhagic fever:
A preliminary report. Ann. Intern. Med. 1955, 42, 839-851.

Tapia, M.; Mansilla, C.; Vera, J. Sindrome pulmonar por hantavirus: Experiencia clinica en diagnostico y
tratamiento. Hospital Coyhaique-Chile. Rev. Chil. Infect. 2000, 258-269. [CrossRef]

Vial, P.A.; Valdivieso, F.; Ferres, M.; Riquelme, R.; Rioseco, M.L.; Calvo, M.; Castillo, C.; Diaz, R.; Scholz, L.;
Cuiza, A.; et al. High-dose intravenous methylprednisolone for hantavirus cardiopulmonary syndrome in
chile: A double-blind, randomized controlled clinical trial. Clin. Infect. Dis. 2013, 57, 943-951. [CrossRef]
Arikawa, J.; Schmaljohn, A.L.; Dalrymple, ].M.; Schmaljohn, C.S. Characterization of hantaan virus envelope
glycoprotein antigenic determinants defined by monoclonal antibodies. J. Gen. Virol. 1989, 70, 615-624.
[CrossRef]

Dantas, J.R., Jr.; Okuno, Y.; Asada, H.; Tamura, M.; Takahashi, M.; Tanishita, O.; Takahashi, Y.; Kurata, T.;
Yamanishi, K. Characterization of glycoproteins of viruses causing hemorrhagic fever with renal syndrome
(HFRS) using monoclonal antibodies. Virology 1986, 151, 379-384. [CrossRef]

Yamanishi, K.; Dantas, ]J.R., Jr.; Takahashi, M.; Yamanouchi, T.; Domae, K.; Takahashi, Y.; Tanishita, O.
Antigenic differences between two viruses, isolated in Japan and Korea, that cause hemorrhagic fever with
renal syndrome. J. Virol. 1984, 52, 231-237. [PubMed]

Liang, M.; Chu, Y.K.; Schmaljohn, C. Bacterial expression of neutralizing mouse monoclonal antibody fab
fragments to hantaan virus. Virology 1996, 217, 262-271. [CrossRef] [PubMed]

Arikawa, J.; Yao, ].S.; Yoshimatsu, K.; Takashima, I.; Hashimoto, N. Protective role of antigenic sites on
the envelope protein of hantaan virus defined by monoclonal antibodies. Arch. Virol. 1992, 126, 271-281.
[CrossRef] [PubMed]

Garrido, J.L.; Prescott, J.; Calvo, M.; Bravo, F; Alvarez, R.; Salas, A.; Riquelme, R.; Rioseco, M.L,;
Williamson, B.N.; Haddock, E.; et al. Two recombinant human monoclonal antibodies that protect against
lethal andes hantavirus infection in vivo. Sci Transl. Med. 2018, 10. [CrossRef] [PubMed]

Medina, R.A.; Mirowsky-Garcia, K.; Hutt, J.; Hjelle, B. Ribavirin, human convalescent plasma and anti-beta3 integrin
antibody inhibit infection by sin nombre virus in the deer mouse model. J. Gen. Virol. 2007, 88, 493-505. [CrossRef]
[PubMed]

Brocato, R.; Josleyn, M.; Ballantyne, J.; Vial, P.; Hooper, ] W. DNA vaccine-generated duck polyclonal
antibodies as a postexposure prophylactic to prevent hantavirus pulmonary syndrome (HPS). PLOS ONE
2012, 7, €35996. [CrossRef]

Vial, PA.; Valdivieso, F; Calvo, M.; Rioseco, M.L.; Riquelme, R.; Araneda, A.; Tomicic, V.; Graf, J.; Paredes, L.;
Florenzano, M.; et al. A non-randomized multicentre trial of human immune plasma for treatment of
hantavirus cardiopulmonary syndrome caused by andes virus. Antivir. Ther. 2015, 20, 377-386. [CrossRef]


http://dx.doi.org/10.1128/JVI.02397-07
http://www.ncbi.nlm.nih.gov/pubmed/18367532
http://dx.doi.org/10.1128/JVI.02319-10
http://www.ncbi.nlm.nih.gov/pubmed/21177802
http://dx.doi.org/10.1128/JVI.01405-10
http://www.ncbi.nlm.nih.gov/pubmed/20810734
http://dx.doi.org/10.1371/journal.pone.0149354
http://www.ncbi.nlm.nih.gov/pubmed/26907493
http://dx.doi.org/10.3389/fimmu.2015.00432
http://www.ncbi.nlm.nih.gov/pubmed/26379668
http://dx.doi.org/10.1016/j.antiviral.2016.05.014
http://www.ncbi.nlm.nih.gov/pubmed/27233645
http://dx.doi.org/10.4067/S0716-10182000000300010
http://dx.doi.org/10.1093/cid/cit394
http://dx.doi.org/10.1099/0022-1317-70-3-615
http://dx.doi.org/10.1016/0042-6822(86)90058-9
http://www.ncbi.nlm.nih.gov/pubmed/6207309
http://dx.doi.org/10.1006/viro.1996.0113
http://www.ncbi.nlm.nih.gov/pubmed/8599211
http://dx.doi.org/10.1007/BF01309700
http://www.ncbi.nlm.nih.gov/pubmed/1381911
http://dx.doi.org/10.1126/scitranslmed.aat6420
http://www.ncbi.nlm.nih.gov/pubmed/30463919
http://dx.doi.org/10.1099/vir.0.82459-0
http://www.ncbi.nlm.nih.gov/pubmed/17251568
http://dx.doi.org/10.1371/journal.pone.0035996
http://dx.doi.org/10.3851/IMP2875

Viruses 2019, 11, 610 14 of 14

91.

92.

93.

94.

95.

Haese, N.; Brocato, R.L.; Henderson, T.; Nilles, M.L.; Kwilas, S.A.; Josleyn, M.D.; Hammerbeck, C.D.;
Schiltz, J.; Royals, M.; Ballantyne, J.; 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, e0003803. [CrossRef]

Hooper, ].W.; Custer, D.M.; Smith, J.; Wahl-Jensen, V. Hantaan/andes virus DNA vaccine elicits a broadly
cross-reactive neutralizing antibody response in nonhuman primates. Virology 2006, 347, 208-216. [CrossRef]
Hooper, ].W.; Ferro, A.M.; Wahl-Jensen, V. Immune serum produced by DNA vaccination protects hamsters
against lethal respiratory challenge with andes virus. J. Virol. 2008, 82, 1332-1338. [CrossRef] [PubMed]
Hooper, J.W.; Brocato, R.L.; Kwilas, S.A.; Hammerbeck, C.D.; Josleyn, M.D.; Royals, M.; Ballantyne, ., Wu, H.;
Jiao, J.A.; Matsushita, H.; et al. DNA vaccine-derived human igg produced in transchromosomal bovines
protect in lethal models of hantavirus pulmonary syndrome. Sci. Transl. Med. 2014, 6, 264ra162. [CrossRef]
[PubMed]

Schmaljohn, C.S. Vaccines for hantaviruses: Progress and issues. Expert Rev. Vaccines 2012, 11, 511-513.
[CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1371/journal.pntd.0003803
http://dx.doi.org/10.1016/j.virol.2005.11.035
http://dx.doi.org/10.1128/JVI.01822-07
http://www.ncbi.nlm.nih.gov/pubmed/18032485
http://dx.doi.org/10.1126/scitranslmed.3010082
http://www.ncbi.nlm.nih.gov/pubmed/25429055
http://dx.doi.org/10.1586/erv.12.15
http://www.ncbi.nlm.nih.gov/pubmed/22827236
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Hantavirus Disease Vaccine Development 
	Approved HFRS Vaccines in China and Korea 
	Virus-Like Particles (VLP) Vaccines 
	Recombinant Proteins 
	Virus-Vectored Recombinant Vaccines 
	Nucleic Acid-Based Molecular Vaccines 

	Hantavirus Disease Treatment Development 
	Ribavirin 
	Lactoferrin 
	ETAR 
	Favipiravir 
	Vandetanib 
	Corticosteroids 
	Immunotherapy, Monoclonal Antibodies 
	Immunotherapy, Polyclonal Antibodies 

	Conclusions 
	References

