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Abstract

For more than 20 years, researchers have used laboratory mice lacking type I or both type I and II 

interferon (IFN) responses to study high-containment viruses that cause hemorrhagic fevers (HF) 

in humans. With the exception of Rift Valley fever virus, agents that cause viral HF in humans, 

such as Ebola and Lassa virus, do not cause disease in mature immunocompetent mice. In 

contrast, IFN-deficient mice typically develop severe or fatal disease when inoculated with these 

agents. The sensitivity of IFN-deficient mice to disease has led to their widespread use in 

biocontainment laboratories to assess the efficacy of novel vaccines against HF viruses, often 

without considering whether adaptive immune responses in IFN-deficient mice accurately mirror 

those in immunocompetent humans. Failure to recognize these questions may lead to inappropriate 

expectations of the predictive value of mouse experiments. In two invited articles, we investigate 

these questions. The present article reviews the use of IFN-deficient mice for assessing novel 

vaccines against HF viruses, including Ebola, Lassa, Crimean-Congo hemorrhagic fever and Rift 

Valley fever viruses. A companion paper examines the general question of how the lack of IFN 

signaling may affect adaptive immune responses and the outcome of vaccine studies in mice.
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1. Introduction

Immunocompetent laboratory mice do not become ill when infected with Ebola virus 

(EBOV), Marburg virus (MARV), Lassa virus (LASV), and other viruses that cause 

hemorrhagic fevers (HF) in humans, but genetically modified mice lacking functional type I 

interferon (IFN) or both type I and type II IFN responses typically develop severe or fatal 

disease when inoculated with these agents. The sensitivity to disease of IFN-deficient mice, 

*Corresponding author. 1600 Clifton Road, MS H18-SB, Atlanta, GA, 30333, USA. JSpengler@cdc.gov (J.R. Spengler).
1Current affiliation: Bioforensics Assay Development and Diagnostics Section, National Microbiology Laboratory, Public Health 
Agency of Canada, Canadian Science Centre for Human and Animal Health, Winnipeg, MB, Canada.

HHS Public Access
Author manuscript
Antiviral Res. Author manuscript; available in PMC 2021 February 01.

Published in final edited form as:
Antiviral Res. 2020 February ; 174: 104702. doi:10.1016/j.antiviral.2019.104702.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



allowing testing of HF viruses without serial adaptation in rodents, has led to their 

widespread use in efficacy studies of novel vaccines against HF viruses. However, these 

studies often lack consideration for whether adaptive immune responses in IFN-deficient 

mice accurately mirror those in immunocompetent humans, which may lead to inappropriate 

expectations of the predictive value of mouse experiments.

In two articles, we examine the use of mice lacking type I or both type I and type II IFN 

responses for research on vaccines against HF viruses. The first paper examines interactions 

between type I and type II IFN responses, development of adaptive immunity, and the 

potential influence of IFN deficiency on the protective efficacy of vaccines (Clarke and 

Bradfute, 2020, in press). The present article reviews the published literature regarding 

assessment of candidate vaccines against highly pathogenic HF viruses. We provide a 

comprehensive summary of published reports evaluating experimental vaccines against 

filoviruses (EBOV and MARV), arenaviruses (LASV and South American agents), and 

bunyaviruses (Crimean-Congo hemorrhagic fever virus [CCHFV] and Rift Valley fever virus 

[RVFV]) in mice lacking the signal transducer and activator of transcription (STAT1−/−) 

protein, the cell-surface type I α/β IFN receptor (IFNAR−/−; also termed in the literature as 

A129), or both the type I and type II receptors (IFN α/β/γR−/−; also termed in the literature 

as AG129).

2. Background

2.1. Interferons and IFN-deficient mice

Interferons, a multigene family of inducible cytokines, are categorized into 3 types: type I 

(IFN-α and IFN-β), type II (IFN-γ), and type III (IFN-λ1, IFN-λ2, and IFN-λ3). Targeted 

gene deletions in mouse embryonic stem cells have been used to produce mutant mice, 

including those with specific deficiencies in the IFN response cascade (Meraz et al., 1996). 

Viral HF vaccine studies have utilized mice with deletions in type I, II, and III IFN signaling 

(STAT1−/−) or with impaired initiation of the IFN response due to receptor deletions, either 

in the IFN-α/β receptor alone (IFNAR−/−) or in both IFN-α/β and IFN-γ receptors (IFN α/

β/γR−/−). In addition, induction of transient immunosuppression in mice with an IFN 

receptor-binding monoclonal antibody has been demonstrated as an alternative approach to 

using IFN-deficient mice (Garrison et al., 2017; Pinto et al., 2011; Smith et al., 2017; Teijaro 

et al., 2013).

2.2. Outcomes of infection of IFN-deficient mice

HF virus infection in IFN-deficient mice can cause a spectrum of mild to severe disease. 

However, despite immune deficiencies, asymptomatic infection has also been described, and 

disease can be specific to delivery route and dose of the virus (Bray, 2001). Mild disease is 

often limited to transient weight loss; other signs include huddling, hunched posture, and 

ruffled fur. Severe disease signs may include lack of responsiveness to stimuli, significant 

hypoactivity and/or weight loss (> 20%), or neurologic abnormalities (ataxia, circling, head 

pressing, paresis, or paralysis). Although variations occur depending on virus species, strain, 

and inoculation route and dose, end-stage disease in IFN-deficient mice usually occurs 

within 2 weeks, typically within the first 5–7 days after infection.
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2.3. Types of vaccine platforms

Viral HF vaccine platforms tested to date include attenuated virus, recombinant and 

attenuated heterologous or homologous virus vectors, inactivated virus, viral proteins or 

protein subunits, plasmid DNA, non-replicating viral vectors, viral replicon particles 

(VRPs), and virus-like particles (VLPs). Each platform offers potential advantages and 

disadvantages in production efficiency and cost, storage and shelf life, acceptance of 

platform, vaccine safety, dosing, and protective efficacy (Table 1). In general, advantages of 

attenuated viral vaccines include induction of effective humoral and cellular immune 

responses against native viral proteins after a single dose, ease of production, and longevity 

of protection. Disadvantages are largely centered on product instability and safety concerns. 

Advantages of inactivated viruses, which are widely used, are efficacy and safety. However, 

disadvantages include the need for production in high containment (culturing, inactivation, 

and safety testing), denaturation of antigens during inactivation, and the need to administer 

multiple doses for protection.

Viral protein and subunit vaccines offer an excellent safety profile, do not require 

inactivation or high-containment laboratories, are accepted vaccine platforms, and are often 

efficient to produce. However, the protective efficacy they elicit can be lower than that of 

inactivated or attenuated viruses due to the lack of complex antigens and altered protein 

post-translational modifications. Multiple vaccine doses are often required to achieve 

protection. Plasmid DNA also offers an excellent safety profile and production efficiency, 

and post-translational modifications of plasmid DNA-derived proteins are similar to those 

seen in native viral proteins, but multiple doses are generally required to achieve effective 

immune responses. Moreover, no DNA vaccines have yet been approved for human use.

Viral vector vaccines can be either replicating or non-replicating. Non-replicating viral 

vectors, VRPs, and VLPs can elicit effective immune responses, often display native viral 

proteins, have been licensed for use in humans, and do not require inactivation or high-

containment labs for production, but may require multiple doses and can be laborious to 

produce in high quantities.

3. Filoviruses

3.1. Susceptibility of IFN-deficient mice to filoviruses

Immune-competent mice are resistant to disease from infection with wild-type filoviruses, 

and therefore preliminary screening of vaccine candidates is often performed in mice using 

mouse-adapted (MA) virus (Bray et al., 1998) or IFN-deficient mouse strains (Bray, 2001). 

MA-EBOV is uniformly lethal in IFN-deficient mice, whereas infection with wild-type 

filoviruses does not always result in uniform lethality, depending on the viral species, strain, 

and mouse background (Table 2). Susceptibility to disease by wild-type filovirus infection 

has been reported in STAT1−/−, IFNAR−/−, IFNγR−/−, and IFN α/β/γR−/− mice.

3.2. Filovirus vaccines tested in IFN-deficient mice

Filovirus vaccines against EBOV and Sudan virus (SUDV), including attenuated virus 

vaccines, VRPs, VLPs, and non-replicating virus vaccines, have been evaluated in STAT1−/− 
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and IFNAR−/− mice with both homologous and heterologous challenge (Table 3), as detailed 

below.

3.2.1. Attenuated virus vaccines—Attenuated viruses have been evaluated in 

STAT1−/− mice. EBOVΔVP30 is a replication-deficient/incompetent virus based on the 

Mayinga strain of EBOV that lacks the coding region for the essential viral transcription 

activator, VP30. It replicates to high titers in cell lines that stably express the VP30 protein 

and is genetically stable (Halfmann et al., 2008). EBOVΔVP30 was safety tested in 

STAT1−/− mice (Halfmann et al., 2009, 2008) and caused no disease signs. Efficacy was not 

evaluated in IFN-deficient mice; studies successfully showing efficacy were performed in 

immunocompetent mice and guinea pigs with rodent-adapted viruses (Halfmann et al., 

2009). Mice and guinea pigs immunized twice with EBOVΔVP30 were fully protected 

against a lethal challenge with mouse- or guinea pig–adapted EBOV, respectively. Later, the 

vaccine was shown to confer complete protection against wild-type EBOV Kitwit in 

cynomolgus macaques (Marzi et al., 2015).

3.2.2. VRP vaccines—Venezuelan equine encephalitis (VEE) VRP-based vaccines for 

both EBOV and SUDV have been evaluated in IFNAR−/− mice. Following a single 

vaccination with 106 or 107 infectious units (IFU) of VEE-EBOV GP VRP, IFNAR−/− mice 

seroconverted against EBOV and were fully protected from disease and lethal outcome (as 

measured by weight loss and survival, respectively) upon EBOV challenge (Brannan et al., 

2015). Vaccination with a single low dose of VEE-SUDV GP VRP (103 IFU) partially 

protected IFNAR−/− mice from SUDV challenge (90%), and a 104–107 IFU dose fully 

protected these mice, although weight loss was still observed upon challenge.

3.2.3. VLP vaccines—VLPs consisting of the EBOV nucleoprotein (NP), glycoprotein 

(GP), and VP40 have been evaluated as protective vaccines in STAT1−/− mice. Following a 

prime/boost/boost inoculation regimen, STAT1−/− mice seroconverted against EBOV, but 

were not protected from MA-EBOV challenge despite delayed mean time to death 

(Raymond et al., 2011).

3.2.4. VSV vaccines—Replication-competent recombinant vesicular stomatitis virus 

(VSV) vaccines encoding EBOV or MARV GP in place of the VSV glycoprotein have been 

evaluated in STAT1−/− mice. However, unlike the EBOVΔVP30 platform, VSV expressing 

EBOV, MARV, or Reston virus GP causes acute lethal disease in the first week after 

inoculation in these animals (Marzi et al., 2015b). Thus, despite the success of replicating 

VSV as vaccines against EBOV in multiple animal models and humans, STAT1−/− mice 

were determined to be inappropriate for testing replication-competent VSV vaccines. While 

replication-competent VSV vaccines cause a lethal disease in STAT1−/− mice, VSV lacking 

the native glycoprotein (ΔG) and pseudotyped with EBOV or SUDV GP offer a non-

replicating alternative and are safe (non-lethal) and immunogenic in IFNAR−/− mice 

(Lennemann et al., 2017). Three versions of VSV pseudotyped with EBOV GP have been 

evaluated:

1. Wild-type GP (VSV-GP)
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2. GP with the first 7 N-terminal N-linked glycosylation sites abolished (VSV-GP 

7G)

3. GP with all 15 N-linked glycosylation sites abolished (VSV-7Gm8G)

After a vaccine dose titration study in C57BL/6 mice receiving a prime/boost of each 

version demonstrated protection against mouse-adapted virus when administered at high 

doses, studies were conducted in IFNAR−/− mice challenged with wild-type EBOV and 

SUDV. IFNAR−/− mice were given 2 × 107 single-round infectious particles (SRIPs) of 

VSV-GP, VSV-GP 7G, or VSV-GP 7Gm8G in a prime/boost regimen (Lennemann et al., 

2017). Weight loss was selected as a measure of efficacy in these studies based on previous 

work demonstrating significant weight loss in IFNAR−/− mice upon wild-type SUDV or 

EBOV infection. Protection against weight loss was demonstrated in IFNAR−/− mice 

challenged with EBOV. However, consistent with studies evaluating heterologous protection 

against SUDV after vaccinating non-human primates with a VEE-EBOV VRP vaccine 

(Herbert et al., 2013), vaccinated IFNAR−/− mice were not protected from weight loss upon 

challenge with SUDV (Lennemann et al., 2017).

4. Arenaviruses

4.1. Susceptibility of IFN-deficient mice to arenaviruses

With the exception of CBA mice inoculated intracranially, as shown for LASV (Uckun et al., 

2004), immunocompetent mice are generally resistant to disease from experimental 

arenavirus infection. Only IFN-deficient mice are susceptible to disease from New World 

(Machupo virus [MACV], Junin virus [JUNV], and Tacaribe virus) and Old World (LASV) 

arenavirus infection. JUNV and Tacaribe virus cause lethal disease in IFN-α/β/γR−/− mice 

(Kolokoltsova et al., 2010; Gowen et al., 2010), whereas MACV is lethal in both IFNAR−/− 

and IFN-α/β/γR−/− mice (Bradfute et al., 2011; Koma et al., 2016, 2015). STAT1−/− mice 

succumb to LASV infection (Yun et al., 2013; Yun et al., 2015), but IFNAR−/− and IFN-α/β/

γR−/− mice develop non-lethal disease, with more severe clinical signs reported in the 

former (Yun et al., 2012). More recently, capitalizing on the IFNAR−/− background, a unique 

chimeric mouse model demonstrating susceptibility to LASV has been developed by 

transplanting wild-type bone marrow progenitor cells into irradiated IFNAR−/− mice to aid 

studies of LASV immunity (Oestereich et al., 2016).

4.2. Arenavirus vaccines tested in IFN-deficient mice

To date, arenavirus vaccine studies in IFN-deficient mice have been limited to IFN-α/β/γR
−/− mice infected with MACV (Koma et al., 2015). Despite the susceptibility of STAT1−/− 

mice to infection, no LASV vaccine studies have been reported in these or any other mice 

with impaired IFN signaling (Table 4).

4.2.1. Live attenuated vaccine—rMACV/Cd#1-GPC, a recombinant MACV 

containing the glycoprotein of the attenuated JUNV strain Candid#1, is avirulent in IFN-α/

β/γR−/− mice. Following intraperitoneal (IP) inoculation with 105 plaque-forming units 

(PFU) of this recombinant virus, no weight loss, increased body temperatures, or disease 

signs were observed in the mice. In addition, no evidence of virus was found by plaque 
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assays 17 or 42 days post infection (dpi) in brain, spleen, liver, or serum samples. rMACV/

Cd#1-GPC was evaluated as a vaccine candidate against wild-type MACV in IFN-α/β/γR
−/− mice given an immunization dose of 104 PFU IP. IFN-α/β/γR−/− mice vaccinated with 

rMACV/Cd#1-GPC seroconverted against MACV antigen, and were protected from weight 

loss and lethal disease following IP challenge with 104 PFU of MACV. Furthermore, no 

infectious virus or pathological changes were detected in brains, livers, or spleens of 

vaccinated IFN-α/β/γR−/− mice. In contrast, although a statistically significant delay in time 

to death was observed, none of the IFN-α/β/γR−/− mice vaccinated with wild-type 

attenuated JUNV Candid#1 survived MACV challenge. Similarly to mock-vaccinated mice, 

virus was detected in brain, spleen, liver, and serum samples of JUNV Candid#1-vaccinated 

mice along with comparable pathologic changes (endothelial hypertrophy and vascular 

mononuclear infiltrates in the brain, and microvesicular steatosis and perivascular 

mononuclear infiltrates in the liver) (Koma et al., 2015).

5. Nairoviruses

5.1. Susceptibility of IFN-deficient mice to nairoviruses

Both STAT1−/− and IFNAR−/− mice are highly susceptible to disease from CCHFV infection 

(Bente et al., 2010; Bereczky et al., 2010; Zivcec et al., 2013) (Table 5), with a 50% lethal 

dose (LD50) of 4 PFU upon IP delivery and 0.05 of 50% tissue culture infective dose 

(TCID50) upon subcutaneous (SC) infection with the IbAr10200 strain. Most studies have 

used the IbAr10200 strain (Table 6), isolated from Hya-lomma excavatum ticks collected 

from a camel in Sokoto, Nigeria, in 1966 (Causey et al., 1970), through sequential suckling 

mouse brain passage followed by numerous passages in cell culture. However, disease or 

lethality in IFN-deficient mice has been reported in studies using several other strains, 

including Afg-09 2990, Hoti, Turkey-200406546, Ank-2, Ank-15, Ank-16, UAE, 

Oman-199723179, and Oman-199809166 isolates as well (Oestereich et al., 2014; Hawman 

et al., 2018; Farzani et al., 2019a; Rodriguez et al., 2019; Spengler et al., 2019); use of these 

strains, particularly of those from Turkey, in vaccine evaluations is becoming more frequent 

(Table 7) and represents a key advancement to use of IbAr10200 which has been genetically 

influenced by its extensive passage history (Lukashev, 2005).

5.2. CCHFV vaccines tested in IFN-deficient mice

CCHFV is lethal in STAT1−/− and IFNAR−/− mice (Table 5). CCHFV vaccines have been 

tested in all of these strains, with the majority of studies done in IFNAR−/− mice. IFNAR−/− 

mice infected with the related Dugbe and Hazara orthonairoviruses also develop disease; 

these viruses have been proposed as surrogate infection models for studying CCHFV (Boyd 

et al., 2006; Dowall et al., 2012), but have not yet been used to assess protective efficacy of 

vaccines. To date, detailed below, several vaccine candidates have been evaluated in IFN-

deficient mice: plasmid DNA, VLP, plasmid DNA/VLP, VRP, inactivated CCHFV, human 

adenovirus (Ad) 5, bovine herpesvirus type 4 (BoHV-4), soluble glycoprotein subunits, 

modified Vaccinia virus Ankara (MVA), and mRNA (Tables 6 and 7).

5.2.1. DNA and VLP vaccines—Several CCHFV DNA vaccine studies, either alone or 

as combination approaches, have been conducted (Table 6). IFNAR−/− mice, and mice 
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transiently treated at the time of challenge with a monoclonal antibody (MAb-5A3) that 

blocks signaling via the IFNAR-1 subunit of the murine IFN-α/β receptor, were vaccinated 

using a prime/boost/boost regimen with a 25 μg dose of a plasmid expressing GPC. GPC is 

processed to mature structural glycoproteins Gn and Gc and non-structural proteins NSm, 

GP80/GP160, GP38, and mucin-like domain, which have unknown function. Both IFNAR
−/− and immunocompetent mice (pre-antibody block) developed CCHFV-specific antibodies 

following first vaccination. Prior to challenge, all mice developed highly neutralizing 

antibodies and both Th1- and Th2-type responses determined by IgG1:IgG2 ratios (Garrison 

et al., 2017). Despite the robust antibody responses, only 75% of IFNAR−/− mice and 60% 

of IFN-block mice were protected. Furthermore, antibody responses in survivors to CCHFV-

N, a protein not encoded in the vaccine, indicated that the vaccine did not provide sterile 

immunity.

A DNA vaccine candidate expressing the N protein of CCHFV (pV-N13) provided more 

promising outcomes. pV-N13, based on the Ank-2 strain isolated from a blood sample of a 

patient who suffered from hemorrhagic fever in Kastamonu, Turkey, was evaluated alone 

and with co-delivery of CD24 as a putative adjuvant (Farzani et al., 2019a). Overall, when 

administered alone or with the pCD24 vector, the N-expressing construct elicited significant 

cellular and humoral responses in BALB/c mice. IFNAR−/− mice vaccinated with either pV-

N13 alone or with CD24 adjuvant were 100% protected, with no significant difference in 

disease course noted between groups.

Studies by Hinkula et al. also investigated a DNA vaccine encoding a ubiquitin-linked 

version of CCHFV Gc, Gn, and N, alone and in combination with a new transcriptionally 

competent virus-like particle (tc-VLP) vaccine (Hinkula et al., 2017). IFNAR−/− mice 

vaccinated in a prime/boost/boost regimen epidermally/intradermally with DNA (50 μg of 

each of 3 plasmids) or with tc-VLPs (106 IFU) were 100% or 40% protected from lethal 

IbAr10200 challenge, respectively. A third experimental group given 2 doses of DNA 

vaccine followed by a single dose of tc-VLPs showed 80% protection.

In addition to efficacy, the immune response was assessed both before and after infection, 

including analyses of 8 selected Th1 (IFN-γ, TNF-α, IL-12 p70, and IL-2) and Th2 (IL-4, 

IL-5, IL-10, and GM-CSF) cytokines. Pre-challenge, the group found that a clear difference 

in the Th1/Th2-type profiles was seen in the 2 types of immunization schedules: induction of 

Th1-type immunity in DNA-immunized mice and of Th2-type immunity in tc-VLP-

immunized mice. Of note, mice that received two doses of DNA vaccine followed by a tc-

VLP vaccine boost had a Th1-type profile, similar to the response in mice receiving the 

DNA vaccine alone. Post-challenge, the researchers were only able to assess Th1/Th2-type 

profiles in the DNA and DNA with tc-VLP boost groups. Both groups demonstrated a Th1-

type response pre-challenge and were later found to develop a Th2-type response post 

challenge (at 9 dpi). Neutralizing antibodies were detected in all experimental groups, but no 

clear correlation between protection and titers alone was observed, as titers were highest in 

the tc-VLP-vaccinated group that had the lowest protective efficacy. Based on these data, the 

contribution of neutralizing antibodies is unclear, but a Th1-type response was supported as 

the most effective protective immunity against CCHFV challenge.
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5.2.2. VRP vaccines—A VRP vaccine was produced using reverse genetics, with L- 

and S-segment plasmids based on IbAr10200 and a plasmid expressing the codon-optimized 

GPC of the Oman-199809166 strain (Scholte et al., 2019). VRPs closely mimic the structure 

and composition of authentic CCHFV, but the absence of the M segment in VRP particles 

limits their replication to a single cycle. The VRP vaccine was initially tested with a high 

(105 TCID50) or low (103 TCID50) dose administered in a prime-only vaccination schedule 

in IFNAR−/− mice. Both anti-N and anti-Gc IgG were detected in mice at 28 days post 

vaccination, with significantly higher levels in the high-dose group than in the low-dose 

group. Mice were challenged SC with 100 TCID50 of IbAr10200 32 days post vaccination. 

Although clinical signs were seen in a small subset of vaccinated mice, low-dose vaccination 

resulted in 80% survival. All mice given the high dose survived with no evidence of clinical 

signs, providing the first report of a single-dose vaccine conferring complete protection. 

Additional studies with the VRP platform evaluated efficacy against 2 additional genetically 

diverse strains of CCHFV, Turkey-200406546 and Oman-199723179 (Spengler et al., 2019). 

Using the same prime-only vaccination approach (105 TCID50), mice challenged 28 days 

post vaccination were completely protected against disease from Oman-199723179 and 

against death from Turkey-200406546.

5.2.3. Inactivated virus vaccines—All IFNAR−/− mice given a prime/boost/boost 

vaccination regimen with alum-adjuvanted, chemically inactivated CCHFV rapidly 

developed CCHFV-specific antibody responses (Canakoglu et al., 2015). Starting 2 weeks 

after prime inoculation, all IFNAR−/− mice had seroconverted, with the strength of the 

antibody response corresponding to vaccine dose. Levels of CCHFV-reactive and CCHFV-

neutralizing antibodies increased with boost vaccination, with higher titers post boost also 

correlating to vaccine dose. Following challenge with CCHFV, all groups of mice were 

partially protected from lethal disease (Table 6). Mice vaccinated with the highest dose (40 

μg) controlled viral replication most efficiently, reducing viremia up to 104-fold, and had the 

lowest morbidity (30%) and 80% survival. Mice receiving the intermediate dose (20 μg) 

controlled viral replication comparably (> 1000-fold reduction in viremia), displayed 

moderate morbidity (50%), and were equally (80%) protected from lethal disease, whereas 

those receiving the lowest dose (5 μg) only demonstrated a > 100-fold reduction in viremia, 

80% morbidity, and 60% survival.

5.2.4. Subunit vaccines—Kortekaas et al. evaluated CCHFV structural glycoprotein 

subunit vaccines, produced in insect cells, in STAT1−/− mice using a prime/boost regimen 

(Kortekaas et al., 2015) (Table 6). One or more modifications to the glycoprotein were 

incorporated in the subunit design:

1. Gn and Gc ectodomain regions of the GPC were codon-optimized (Gn-e, Gc-e)

2. 17 C-terminal residues were removed from Gc (Gc-eΔ) to increase solubilization

3. A BiP signal sequence was added for improved protein secretion

4. FLAG-tag and Strep-tags were added to facilitate detection and purification, 

respectively
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Following vaccination with the Gc ectodomain, STAT1−/− mice developed significant titers 

of CCHFV-neutralizing antibodies. However, disease progression and outcome were not 

significantly different between vaccinated and mock-vaccinated mice challenged IP. In 

addition, STAT1−/− mice vaccinated with ectodomain subunits of Gn or Gc-eΔ at higher 

doses than in previous studies seroconverted and developed significant neutralizing antibody 

titers. Again, however, the vaccinated mice were not protected from weight loss and elevated 

body temperatures following virus challenge compared to mock-vaccinated mice, even when 

challenged by the SC route which requires higher doses for lethality.

5.2.5. Attenuated virus vector vaccines—Three virus vector platforms, MVA, Ad-5 

and BoHV-4, have been evaluated for CCHFV. The MVA strain of vaccinia virus, derived by 

serial passaging in chicken cells (Mayr et al., 1975), lost about 15% of the vaccinia virus 

genome, including genes needed for replicating in human cells, inducing pathogenicity, and 

blocking the host immune response (Dudek and Knipe, 2006). MVA expressing either N or 

GPC modified by adding a tPA signal peptide and a C-terminal V5 tag have been 

constructed and used as vaccine candidates in IFNAR−/− mice. Following a prime/boost 

vaccine regimen with 107 PFU of MVA-GPC, IFNAR−/− mice seroconverted against 

CCHFV; IFN-γ ELISPOT data indicated that they developed GPC-specific T-cell responses, 

with 0.5% of total T-cells reactive to GPC. These responses predominantly focused on the 

NSm, the N-terminus of the Gc, and the mucin-like and the GP38 domains (Buttigieg et al., 

2014). Following challenge with CCHFV, IFNAR−/− mice vaccinated with MVA-GPC were 

fully protected from disease compared to controls (Table 6). IFNAR−/− mice vaccinated with 

MVA-GPC had lower viremia and tissue viral loads than controls and largely showed no 

histological abnormalities in the primary target organs (spleen and liver) with absent or 

minimal viral antigen staining (Buttigieg et al., 2014). Follow-up passive and adoptive 

transfer studies using the MVA-GPC vaccine indicated that both antibody and T-cell 

responses contributed to protection, as transfer of both T-cells and antibodies was required 

for protective effects in these mice (Dowall et al., 2016).

In other experiments, MVA-N was tested in IFNAR−/− mice. Following a prime/boost 

vaccine regimen with 107 PFU of MVA-N, IFNAR−/− mice seroconverted against CCHFV N 

and developed N-specific T-cell responses as determined by an IFN-γ ELISPOT assay, with 

0.1% of total T-cells reactive against N (Dowall et al., 2016). Despite the immunogenicity of 

the MVA-N vaccine, following CCHFV challenge, both vaccinated and unvaccinated mice 

developed identical clinical signs and uniformly succumbed to infection at similar rates 

(Table 6). Furthermore, vaccination with MVA-N did not lower viremia, tissue viral loads, or 

CCHFV-induced pathological changes to the liver and spleen compared to mock-vaccinated 

mice (Dowall et al., 2016).

More recently, Zivcec et al. evaluated IFNAR−/− mice vaccinated with an Ad-5-based 

vaccine expressing the unmodified N (Ad-N) (Zivcec et al., 2018). Mice seroconverted 

following a single vaccination with 107 IFU of Ad-N. Post-challenge, the mice displayed 

significantly lower levels of viremia, antigen staining, and pathologic changes in the sites of 

primary viral replication (liver and spleen) than mock-vaccinated animals, but did not have 

significantly altered tissue virus levels. The mean time to death of Ad-N-vaccinated mice 

was longer than mock-vaccinated mice (8.5 vs. 5 days), and 33% survived challenge (Table 
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6). Similarly, IFNAR−/− mice vaccinated and boosted with 107 and 108 IFU of Ad-N 

efficiently seroconverted against CCHFV. Following challenge, vaccinated animals 

displayed significantly lower viremia and tissue viral loads and fewer pathologic changes in 

the liver and spleen than mock-vaccinated mice. Ad-N prime/boost vaccination increased the 

protective efficacy to 78% and delayed the mean time to death further (10.5 days) in the 

animals that succumbed to infection.

Ad-N and DNA (pCDNA3.1 myc/His A, designated as pCD-N1) vaccines were recently 

compared with a new Bovine herpesvirus type 4 (BoHV-4)-based viral vector vaccine 

expressing N (BoHV4-ΔTK-CCHFV-N) (Farzani et al., 2019b). In IFNAR−/− mice 

challenged with lethal doses of the Ank-2 strain, both the BoHV4-ΔTK-CCHFV-N and Ad-

N constructs induced 100% protection, although surviving vaccinated mice did exhibit 

clinical signs starting 1 dpi and persisting for 3–4 days. While protection conferred by Ad-N 

and BoHV4 vaccines was comparable, potential advantages of the BoHV4 delivery system 

were supported in T-cell and passive antibody transfer assays; IFNAR−/− mice given 

splenocytes and serum from BALB/c mice immunized with BoHV4-ΔTK-CCHFV-N had 

higher post-challenge survival rates (75%) compared to mice given cells and serum from 

BALB/c mice immunized with pCD-N1 (50%) or Ad-N (50%).

5.2.6. VSV vaccines—To produce infectious VSV with CCHFV-GPC, Rodriguez et al. 

used a modified method, utilizing in trans VSV glycoprotein (G) complementation, to 

generate the replication-competent ΔGrVSV-CCHFV-GPCΔ vaccine candidate based on the 

IbAr10200 sequence (Rodriguez et al., 2019). STAT1−/− mice were vaccinated IP in a prime 

or prime/boost strategy and challenged IP with a target dose of 100 PFU of IbAr10200 or 

Turkey-200406546 strains. Conferring any level of protection depended on a replication-

competent VSV vaccine; STAT1−/− mice vaccinated with replication-deficient VSV (106 

PFU), with or without boost (with replication-deficient or competent VSV at the same dose) 

and challenged with IbAr10200 were not protected from disease or death. Efficacy improved 

in a dose-dependent manner with administration of replication-competent VSV, and a single 

106 PFU dose of this vaccine partially protected mice from death; a 102 PFU dose failed to 

protect any of the mice. In contrast, when mice given the same replication-competent 

vaccine were challenged with Turkey-200406546, a single 107 PFU dose protected against 

death (not disease), and a prime/boost regimen conferred complete protection against both 

death and disease.

5.2.7. mRNA vaccines—A conventional, non-replicating naked mRNA-based construct 

expressing the non-optimized S segment of the Ank-2 strain was generated for 

immunogenicity studies in C57BL/6 and challenge studies in IFNAR−/− mice (Farzani et al., 

2019c). Mice were immunized in- tramuscularly with mRNA (25 μg) by prime or prime/

boost. C57BL/6 and IFNAR−/− mice developed anti-N specific immune responses prior to 

challenge, as demonstrated by anti-N IgG analyses. IFNAR−/− mice were challenged with 

100 LD50 (1000 TCID50) of Ank-2 at 4 weeks (prime only) or 2 weeks (prime/boost) 

following the last vaccination. Prime/boost vaccination conferred 100% protection, whereas 

the prime dose alone only protected 50% of mice. Despite increased survival in vaccinated 
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mice, both prime and prime/boost mice became ill, in a manner similar to unvaccinated 

controls during the first week post challenge, prior to recovering.

6. Phenuiviruses

6.1. Susceptibility of IFN-deficient mice to RVFV

Immunocompetent mice (e.g., BALB/c, C57BL/6J, 129/Sv) are extremely sensitive to 

infection with wild-type RVFV (e.g., ZH598 and ZH501); IP or SC inoculation with as little 

as 10 PFU causes acute hepatitis and death of the animals within a few days (Vialat et al., 

2000). As a result, there has been little need to assess vaccines in IFN-deficient mice.

Attenuation of RVFV for immunocompetent mice requires disruption of virus-mediated IFN 

antagonism. IFN-deficient mice have largely been used in studies with 2 strains of RVFV, 

MP-12 and clone 13, that have defects in the IFN antagonist NSs gene. MP12 carries 

attenuating mutations in each genomic segment, including the NSs-encoding small (S) 

segment, and clone 13 has a defective NSs gene with a large inframe deletion. Both strains 

were attenuated in IFN-γ receptor-deficient mice but highly virulent in IFNAR−/− mice 

(Bouloy et al., 2001; Lorenzo et al., 2010). When MP-12 was administered intranasally at a 

dose of 1.58 × 106 TCID50 in immunocompetent 129S1/SvlmJ and 129S6/SvEv mice and 

IFN-deficient STAT1−/− mice, weight loss and clinical signs were reported in all strains, but 

disease was most severe in STAT1−/− mice; weight loss began at 2 dpi followed by decreased 

activity, huddling, hunched posture, and ruffled fur as early as 4 dpi. Infection in STAT1−/− 

was partially lethal, with end-point criteria reached ~8–10 dpi and associated with severe 

weight loss (~25%) and neurological abnormalities, such as cage circling and head pressing 

(Lang et al., 2016).

6.2. Vaccines tested in IFN-deficient mice infected with RVFV

RVFV vaccine testing in IFN-deficient mice has been limited to IFNAR⁻/⁻ mice using 

plasmid DNA or non-replicating MVA platforms. RVFV vaccines are predominantly based 

on antigens located on the medium (M) and S viral segments. The M segment encodes the 

structural Gn and Gc attachment and entry glycoproteins and the non-structural IFN 

antagonist NSm, while the S segment encodes the N and the non-structural NSs.

6.2.1. DNA vaccines—Both S and M segment-derived DNA vaccines have been 

evaluated for RVFV independently and in combination (Table 8). Vaccination with NP alone 

did not generate a neutralizing antibody response and mice were only partially protected 

from disease (43% survival) (Lorenzo et al., 2010). Subsequent studies evaluated fusing 

additional proteins to NP to increase immunogenicity and protective efficacy. Following a 

prime/boost vaccination regimen with 100 μg of plasmid DNA, all IFNAR−/− mice 

vaccinated with an NP-expressing plasmid seroconverted against NP. Mice vaccinated with 

fused NP plasmids had higher titers of NP-specific antibodies than wild-type NP; NP fused 

to ubiquitin generated the highest titers of NP-specific antibodies, followed by that to 

CD154, the 3 C3d domains, and finally the lysosome integral membrane protein II (LIMPII) 

(Boshra et al., 2011). Corresponding to the antibody data, 71% of IFNAR−/− mice 

vaccinated with a plasmid expressing NP fused to ubiquitin were protected from lethal 
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disease. NP tethered to CD154 protected 43%, and NP tethered to 3 C3d, 29%; both NP 

fused to LIMPII and wild-type NP protected 14% of the animals (Table 8) (Boshra et al., 

2011).

Two types of RVFV M-segment DNA plasmid vaccines have been evaluated: M1, which 

encodes the complete M coding region including NSm, Gn, and Gc; and M4, which only 

encodes the structural viral glycoproteins Gn and Gc (Lorenzo et al., 2010). IFNAR−/− mice 

vaccinated with M1 neither mounted a neutralizing response nor were protected from lethal 

disease, and the addition of NP in combination did not elicit responses specific to NP or the 

glycoproteins, nor improved protection. However, mice given a prime/boost vaccination 

regimen of 100 μg of M4 alone developed neutralizing antibody responses and were fully 

protected from disease. Interestingly, when NP was given in combination with M4, only 

57% of the mice were protected. Different M4:N ratios were tested to further characterize 

contributors to this decreased protection, and confirmed that the protective effect was 

dependent on the M4 dose. Protective efficacy decreased to 43% and 29% as the amount of 

M4 in the combination was reduced to 40 μg and 20 μg, respectively, demonstrating the 

importance of antibody responses to Gn and Gc in these mice. Altogether, these studies 

suggest that in DNA vaccination strategies, antibody levels correlate to protection of IFNAR
−/− mice.

6.2.2. MVA vaccines—An MVA vaccine that expresses Gn and Gc (MVA-GnGc) was 

developed for RVFV and was fully protective in BALB/c mice (Lopez-Gil et al., 2013). 

However, only 14% of IFNAR−/− mice vaccinated with a single dose of 107 PFU of MVA-

GnGc were protected from lethal challenge (Table 8). This is in contrast to the 

aforementioned studies by the same group, which showed that the DNA vaccine pCMV-M4 

protected these mice (Lorenzo et al., 2010), suggesting that delivery method can greatly 

influence vaccine efficacy.

7. Conclusions

A disadvantage of many studies testing HF vaccines in mice has been that the challenge 

virus may have been adapted to mice, and therefore may have substantial genetic differences 

from the virus that causes human disease. The use of IFN-deficient mice is not limited by 

availability of mouse-adapted strains; they can be used to test vaccines against a virus 

isolated from a patient and minimally passaged in cell culture, including new emergent 

strains. Furthermore, creating mouse-adapted variants of certain viruses (e.g., CCHFV) has 

not been possible; vaccine evaluation in small animal models for these viruses relies solely 

on immunodeficient mice. While using IFN-deficient mice has certain advantages, the 

limitations of these mice should be considered, particularly in vaccine studies. For example, 

some live attenuated vaccines cause disease in IFN-deficient mice, limiting their use in 

vaccine evaluation; this is especially a problem with RVFV and with using unmodified viral 

vector vaccines like VSV.

If a candidate vaccine protects IFN-deficient mice against a virus isolated from a human 

patient, it is an encouraging sign that the same vaccine will provide protection in other 

immunocompetent laboratory animals and in humans. In contrast, a vaccine that fails to 
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protect IFN-deficient mice may not produce similar results in immunocompetent animals or 

humans. As discussed in the companion paper, defects in the innate antiviral responses in 

IFN-deficient mice may hinder adaptive immune responses to vaccination in many ways; no 

consistent effect on adaptive immunity across viruses or vaccine platforms can be accounted 

for in data interpretation without the inclusion of appropriate wild-type control mice. Also, if 

mice lacking type I or type I/type II IFN responses are particularly susceptible to a challenge 

virus, a vaccine failing to protect these mice may otherwise be effective in 

immunocompetent animals or humans.

At the moment, lack of data prevents correlating outcomes of vaccination in IFN-deficient 

mice and results obtained in other laboratory animals or humans. Only the VSV-Ebola 

vaccine, which successfully protected IFNAR−/− mice, has been evaluated in non-human 

primates and tested for human use. Assessing the value of IFN-deficient mice for vaccine 

research must await reports of further animal testing. At this time, evaluation in IFN-

deficient mice in conjunction with other immunocompetent models (when available) 

remains a viable approach to preliminary assessment of HF vaccine candidates.

Acknowledgements

The authors would like to acknowledge Tatyana Klimova for assistance with editing the manuscript.

The findings and conclusions in this report are those of the authors and do not necessarily represent the official 
position of the Centers for Disease Control and Prevention.

Financial support

This work was partially supported by CDC Emerging Infectious Disease Research Core Funds.

References

Bente DA, Alimonti JB, Shieh W, Camus G, Ströher U, Zaki S, Jones SM, Stroher U, Wung-Shu S, 
2010 Pathogenesis and immune response of crimean-Congo hemorrhagic fever virus in a STAT-1 
knockout mouse model. J. Virol 84, 11089–11100. [PubMed: 20739514] 

Bereczky S, Lindegren G, Karlberg H, Akerström S, Klingström J, Mirazimi A, 2010 Crimean-Congo 
hemorrhagic fever virus infection is lethal for adult type I interferon receptor-knockout mice. J. 
Gen. Virol 91, 1473–1477. [PubMed: 20164263] 

Boshra H, Lorenzo G, Rodriguez F, Brun A, 2011 A DNA vaccine encoding ubiquitinated Rift Valley 
fever virus nucleoprotein provides consistent immunity and protects IFNAR(−/−) mice upon lethal 
virus challenge. Vaccine 29, 4469–4475. [PubMed: 21549790] 

Bouloy M, Janzen C, Vialat P, Khun H, Pavlovic J, Huerre M, Haller O, 2001 Genetic evidence for an 
interferon-antagonistic function of rift valley fever virus nonstructural protein NSs. J. Virol 75, 
1371–1377. [PubMed: 11152510] 

Boyd A, Fazakerley JK, Bridgen A, 2006 Pathogenesis of Dugbe virus infection in wild-type and 
interferon-deficient mice. J. Gen. Virol 87, 2005–2009. [PubMed: 16760403] 

Bradfute SB, Stuthman KS, Shurtleff AC, Bavari S, 2011 A STAT-1 knockout mouse model for 
Machupo virus pathogenesis. Virol. J 8, 300. [PubMed: 21672221] 

Brannan JM, Froude JW, Prugar LI, Bakken RR, Zak SE, Daye SP, Wilhelmsen CE, Dye JM, 2015 
Interferon α/β receptor–deficient mice as a model for Ebola virus disease. J. Infect. Dis 212, S282–
S294. [PubMed: 25943199] 

Bray M, 2001 The role of the Type I interferon response in the resistance of mice to filovirus infection. 
J. Gen. Virol 82, 1365–1373. [PubMed: 11369881] 

Zivcec et al. Page 13

Antiviral Res. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bray M, Davis K, Geisbert T, Schmaljohn C, Huggins J, 1998 A mouse model for evaluation of 
prophylaxis and therapy of Ebola hemorrhagic fever. J. Infect. Dis 178, 651–661. [PubMed: 
9728532] 

Buttigieg KR, Dowall SD, Findlay-Wilson S, Miloszewska A, Rayner E, Hewson R, Carroll MW, 2014 
A novel vaccine against Crimean-Congo Haemorrhagic Fever protects 100% of animals against 
lethal challenge in a mouse model. PLoS One 9, e91516. [PubMed: 24621656] 

Canakoglu N, Berber E, Tonbak S, Ertek M, Sozdutmaz I, Aktas M, Kalkan A, Ozdarendeli A, 2015 
Immunization of knock-out α/β interferon receptor mice against high lethal dose of crimean-
Congo hemorrhagic fever virus with a cell culture based vaccine. PLoS Neglected Trop. Dis 9, 
e0003579.

Causey OR, Kemp GE, Madbouly MH, David-West TS, 1970 Congo virus from domestic livestock, 
African hedgehog, and arthropods in Nigeria. Am. J. Trop. Med. Hyg 19, 846–850. [PubMed: 
5453910] 

Clarke EC, Bradfute SB, 2020 The use of mice lacking type I or both type I and type II interferon 
responses in research on hemorrhagic fever viruses. Part 1: potential effects on adaptive immunity 
and response to vaccination. Antivir. Res In press.

Comer JE, Escaffre O, Neef N, Brasel T, Juelich TL, Smith JK, Smith J, Kalveram B, Perez DD, 
Massey S, Zhang L, Freiberg AN, 2019 Filovirus virulence in interferon α/β and γ double 
knockout mice, and treatment with favipiravir. Viruses 11, 1–16.

Dowall SD, Buttigieg KR, Findlay-Wilson SJD, Rayner E, Pearson G, Miloszewska A, Graham VA, 
Carroll MW, Hewson R, 2016a A Crimean-Congo hemorrhagic fever (CCHF) viral vaccine 
expressing nucleoprotein is immunogenic but fails to confer protection against lethal disease. 
Hum. Vaccines Immunother 12, 519–527.

Dowall SD, Findlay-Wilson S, Rayner E, Pearson G, Pickersgill J, Rule A, Merredew N, Smith H, 
Chamberlain J, Hewson R, 2012 Hazara virus infection is lethal for adult type I interferon 
receptor-knockout mice and may act as a surrogate for infection with the human-pathogenic 
Crimean-Congo hemorrhagic fever virus. J. Gen. Virol 93, 560–564. [PubMed: 22090213] 

Dowall SD, Graham VA, Rayner E, Hunter L, Watson R, Taylor I, Rule A, Carroll MW, Hewson R, 
2016b Protective effects of a Modified Vaccinia Ankara-based vaccine candidate against Crimean-
Congo Haemorrhagic Fever virus require both cellular and humoral responses. PLoS One 11, 
e0156637. [PubMed: 27272940] 

Dudek T, Knipe DM, 2006 Replication-defective viruses as vaccines and vaccine vectors. Virology 
344, 230–239. [PubMed: 16364753] 

Farzani TA, Hanifehnezhad A, Földes K, Ergünay K, Yilmaz E, Ali HHM, Ozkul A, 2019a Co-
delivery effect of CD24 on the immunogenicity and lethal challenge protection of a DNA vector 
expressing nucleocapsid protein of crimean Congo hemorrhagic fever virus. Viruses 11, 1–19.

Farzani TA, Földes K, Hanifehnezhad A, Yener Ilce B, Bilge Dagalp S, Amirzadeh Khiabani N, 
Ergünay K, Alkan F, Karaoglu T, Bodur H, Ozkul A, 2019b Bovine herpesvirus type 4 (BoHV-4) 
vector delivering nucleocapsid protein of crimean-Congo hemorrhagic fever virus induces 
comparable protective immunity against lethal challenge in IFNα/β/γr−/− mice models. Viruses 
11, 237.

Farzani TA, Földes K, Ergünay K, Gurdal H, Bastug A, Ozkul A, 2019c Immunological Analysis of a 
CCHFV mRNA Vaccine Candidate in Mouse Models. Viruses, vol. 7.

Frei JC, Nyakatura EK, Zak SE, Bakken RR, Chandran K, Dye JM, Lai JR, 2016 Bispecific antibody 
affords complete post-exposure protection of mice from both Ebola (zaire) and Sudan viruses. Nat. 
Publ. Gr 6, 19193.

Froude J, Herbert A, Pelat T, Miethe S, Zak S, Brannan J, Bakken R, Steiner A, Yin G, Hallam T, Sato 
A, Hust M, Thullier P, Dye J, 2018 Post-exposure protection in mice against Sudan virus by a two 
antibody cocktail. Viruses 10, 286.

Garrison AR, Shoemaker CJ, Golden JW, Fitzpatrick CJ, Suschak JJ, Richards MJ, Badger CV, Six 
CM, Martin JD, Hannaman D, Zivcec M, Bergeron E, Koehler JW, Schmaljohn CS, 2017 A DNA 
vaccine for Crimean-Congo hemorrhagic fever protects against disease and death in two lethal 
mouse models. PLoS Neglected Trop. Dis 11, e0005908.

Zivcec et al. Page 14

Antiviral Res. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gowen BB, Wong M-H, Larson D, Ye W, Jung K-H, Sefing EJ, Skirpstunas R, Smee DF, Morrey JD, 
Schneller SW, 2010 Development of a new tacaribe arenavirus infection model and its use to 
explore antiviral activity of a novel aristeromycin analog. PLoS One 5, e12760. [PubMed: 
20862280] 

Halfmann P, Ebihara H, Marzi A, Hatta Y, Watanabe S, Suresh M, Neumann G, Feldmann H, Kawaoka 
Y, 2009 Replication-deficient ebolavirus as a vaccine candidate. J. Virol 83, 3810–3815. [PubMed: 
19211761] 

Halfmann P, Kim JH, Ebihara H, Noda T, Neumann G, Feldmann H, Kawaoka Y, 2008 Generation of 
biologically contained Ebola viruses. Proc. Natl. Acad. Sci. U.S.A 105, 1129–1133. [PubMed: 
18212124] 

Hawman DW, Haddock E, Meade-White K, Williamson B, Hanley PW, Rosenke K, Komeno T, Furuta 
Y, Gowen BB, Feldmann H, 2018 Favipiravir (T-705) but not ribavirin is effective against two 
distinct strains of Crimean-Congo hemorrhagic fever virus in mice. Antivir. Res 157, 18–26. 
[PubMed: 29936152] 

Herbert AS, Kuehne AI, Barth JF, Ortiz RA, Nichols DK, Zak SE, Stonier SW, Muhammad MA, 
Bakken RR, Prugar LI, Olinger GG, Groebner JL, Lee JS, Pratt WD, Custer M, Kamrud KI, Smith 
JF, Hart MK, Dye JM, 2013 Venezuelan equine encephalitis virus replicon particle vaccine 
protects nonhuman primates from intramuscular and aerosol challenge with ebolavirus. J. Virol 87, 
4952–4964. [PubMed: 23408633] 

Hinkula J, Devignot S, Åkerström S, Karlberg H, Wattrang E, Bereczky S, Mousavi-Jazi M, Risinger 
C, Lindegren G, Vernersson C, Paweska J, van Vuren PJ, Blixt O, Brun A, Weber F, Mirazimi A, 
2017 Immunization with DNA plasmids coding for crimean-Congo hemorrhagic fever virus capsid 
and envelope proteins and/or virus-like particles induces protection and survival in challenged 
mice. J. Virol 91 JVI.02076–16.

Kolokoltsova OA, Yun NE, Poussard AL, Smith JK, Smith JN, Salazar M, Walker A, Tseng C-TK, 
Aronson JF, Paessler S, 2010 Mice lacking alpha/beta and gamma interferon receptors are 
susceptible to Junin virus infection. J. Virol 84, 13063–13067. [PubMed: 20926559] 

Koma T, Huang C, Aronson JF, Walker AG, Miller M, Smith JN, Patterson M, Paessler S, 2016 The 
ectodomain of glycoprotein from the Candid#1 vaccine strain of Junin virus rendered machupo 
virus partially attenuated in mice lacking IFN-αβ/γ receptor. PLoS Neglected Trop. Dis 10, 
e0004969.

Koma T, Patterson M, Huang C, Seregin AV, Maharaj PD, Miller M, Smith JN, Walker AG, Hallam S, 
Paessler S, 2015 Machupo virus expressing GPC of the Candid#1 vaccine strain of Junin virus is 
highly attenuated and immunogenic. J. Virol 90, 1290–1297. [PubMed: 26581982] 

Kortekaas J, Vloet RPM, McAuley AJ, Shen X, Bosch BJ, de Vries L, Moormann RJM, Bente DA, 
2015 Crimean-Congo hemorrhagic fever virus subunit vaccines induce high levels of neutralizing 
antibodies but No protection in STAT1 knockout mice. Vector Borne Zoonotic Dis. 15, 759–764. 
[PubMed: 26684523] 

Lang Y, Henningson J, Jasperson D, Li Yonghai, Lee J, Ma J, Li Yuhao, Cao N, Liu H, Wilson W, 
Richt J, Ruder M, McVey S, Ma W, 2016 Mouse model for the Rift Valley fever virus MP12 strain 
infection. Vet. Microbiol 195, 70–77. [PubMed: 27771072] 

Lennemann NJ, Herbert AS, Brouillette R, Rhein B, Bakken RA, Perschbacher KJ, Cooney AL, 
Miller-Hunt CL, Ten Eyck P, Biggins J, Olinger G, Dye JM, Maury W, 2017 Vesicular stomatitis 
virus pseudotyped with Ebola virus glycoprotein serves as a protective, non-infectious vaccine 
against Ebola virus challenge in mice. J. Virol 91 JVI.00479-17.

Lever MS, Piercy TJ, Steward J.a., Eastaugh L, Smither SJ, Taylor C, Salguero FJ, Phillpotts RJ, 2012 
Lethality and pathogenesis of airborne infection with filoviruses in A129 α/β −/− interferon 
receptor-deficient mice. J. Med. Microbiol 61, 8–15. [PubMed: 21852521] 

Lopez-Gil E, Lorenzo G, Hevia E, Borrego B, Eiden M, Groschup M, Gilbert SC, Brun A, 2013 A 
single immunization with MVA expressing GnGc glycoproteins promotes epitope-specific CD8+-
T cell activation and protects immune-competent mice against a lethal RVFV infection. PLoS 
Neglected Trop. Dis 7.

Lorenzo G, Martín-Folgar R, Hevia E, Boshra H, Brun A, 2010 Protection against lethal Rift Valley 
fever virus (RVFV) infection in transgenic IFNAR−/− mice induced by different DNA vaccination 
regimens. Vaccine 28, 2937–2944. [PubMed: 20188678] 

Zivcec et al. Page 15

Antiviral Res. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lüdtke A, Ruibal P, Wozniak DM, Pallasch E, Wurr S, Bockholt S, Gómez-Medina S, Qiu X, 
Kobinger GP, Rodríguez E, Günther S, Krasemann S, Idoyaga J, Oestereich L, Muñoz-Fontela C, 
2017 Ebola virus infection kinetics in chimeric mice reveal a key role of T cells as barriers for 
virus dissemination. Sci. Rep In press 1–10. [PubMed: 28127051] 

Lukashev AN, 2005 Evidence for recombination in Crimean-Congo hemorrhagic fever virus. J. Gen. 
Virol 86, 2333–2338. [PubMed: 16033981] 

Marzi A, Halfmann P, Hill-Batorski L, Feldmann F, Shupert WL, Neumann G, Feldmann H, Kawaoka 
Y, 2015a Vaccines. An Ebola whole-virus vaccine is protective in nonhuman primates. Science 
348, 439–442. [PubMed: 25814063] 

Marzi A, Kercher L, Marceau J, York A, Callsion J, Gardner DJ, Geisbert TW, Feldmann H, 2015b 
STAT1-Deficient mice are not an appropriate model for efficacy testing of recombinant vesicular 
stomatitis virus-based filovirus vaccines. J. Infect. Dis Suppl 2, S404–S409. [PubMed: 26022440] 

Mayr A, Hochstein-Mintzel V, Stickl H, 1975 Passage history, properties and applicability of the 
attenuated vaccinia virus strain MVA [Abstammung, eigenschaften und verwendung des 
attenuierten vaccinia-stammes MVA]. Infection 3, 6–14.

Meraz MA, White JM, Sheehan KC, Bach E. a, Rodig SJ, Dighe a S., Kaplan DH, Riley JK, 
Greenlund a C., Campbell D, Carver-Moore K, DuBois RN, Clark R, Aguet M, Schreiber RD, 
1996 Targeted disruption of the STAT1 gene in mice reveals unexpected physiologic specificity in 
the JAK-STAT signaling pathway. Cell 84, 431–442. [PubMed: 8608597] 

Oestereich L, Lüdtke A, Ruibal P, Pallasch E, Kerber R, Rieger T, Wurr S, Bockholt S, Pérez-Girón JV, 
Krasemann S, Günther S, Muñoz-Fontela C, 2016 Chimeric mice with competent hematopoietic 
immunity reproduce key features of severe lassa fever. PLoS Pathog. 12, e1005656. [PubMed: 
27191716] 

Oestereich L, Rieger T, Neumann M, Bernreuther C, Lehmann M, Krasemann S, Wurr S, Emmerich P, 
de Lamballerie X, Ölschläger S, Günther S, Olschläger S, Günther S, 2014 Evaluation of antiviral 
efficacy of ribavirin, arbidol, and T-705 (favipiravir) in a mouse model for Crimean-Congo 
hemorrhagic fever. PLoS Neglected Trop. Dis 8, e2804.

Pinto AK, Daffis S, Brien JD, Gainey MD, Yokoyama WM, Sheehan KCF, Murphy KM, Schreiber 
RD, Diamond MS, 2011 A temporal role of type I interferon signaling in CD8+ T cell maturation 
during acute West Nile virus infection. PLoS Pathog. 7, e1002407. [PubMed: 22144897] 

Raymond J, Bradfute S, Bray M, 2011 Filovirus infection of STAT-1 knockout mice. J. Infect. Dis 204 
(Suppl. l), S986–S990. [PubMed: 21987780] 

Rodriguez SE, Cross RW, Fenton KA, Bente DA, Mire CE, Geisbert TW, 2019 Vesicular stomatitis 
virus-based vaccine protects mice against crimean-Congo hemorrhagic fever. Sci. Rep 9, 7755. 
[PubMed: 31123310] 

Scholte FEM, Spengler JR, Welch SR, Harmon JR, Coleman-McCray JD, Freitas BT, Kainulainen 
MH, Pegan SD, Nichol ST, Bergeron É, Spiropoulou CF, 2019 Single-dose replicon particle 
vaccine provides complete protection against Crimean-Congo hemorrhagic fever virus in mice. 
Emerg. Microb. Infect 8, 575–578.

Smith DR, Hollidge B, Daye S, Zeng X, Blancett C, Kuszpit K, Bocan T, Koehler JW, Coyne S, 
Minogue T, Kenny T, Chi X, Yim S, Miller L, Schmaljohn C, Bavari S, Golden JW, 2017 
Neuropathogenesis of zika virus in a highly susceptible immunocompetent mouse model after 
antibody blockade of type I interferon. PLoS Neglected Trop. Dis 11, e0005296.

Smither SJ, Eastaugh L, Ngugi S, Brien LO, Phelps A, Steward J, Lever MS, 2016 Ebola virus makona 
shows reduced lethality in an immune-deficient mouse model. J. Infect. Dis jiw145.

Spengler JR, Welch SR, Scholte FEM, Coleman-McCray JD, Harmon JR, Nichol ST, Bergeron É, 
Spiropoulou CF, 2019 Heterologous protection against Crimean-Congo hemorrhagic fever in mice 
after a single dose of replicon particle vaccine. Antivir. Res 170, 104573. [PubMed: 31377243] 

Teijaro JR, Ng C, Lee AM, Sullivan BM, Sheehan KCF, Welch M, Schreiber RD, de la Torre JC, 
Oldstone MBA, 2013 Persistent LCMV infection is controlled by blockade of type I interferon 
signaling. Science 340, 207–211. [PubMed: 23580529] 

Uckun FM, Petkevich AS, Vassilev AO, Tibbles HE, Titov L, 2004 Stampidine prevents mortality in an 
experimental mouse model of viral hemorrhagic fever caused by lassa virus. BMC Infect. Dis 4, 1. 
[PubMed: 14720304] 

Zivcec et al. Page 16

Antiviral Res. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Vialat P, Billecocq A, Kohl A, Bouloy M, 2000 The S segment of rift valley fever phlebovirus 
(Bunyaviridae) carries determinants for attenuation and virulence in mice. J. Virol 74, 1538–1543. 
[PubMed: 10627566] 

Yun NE, Poussard AL, Seregin AV, Walker AG, Smith JK, Aronson JF, Smith JN, Soong L, Paessler S, 
2012 Functional interferon system is required for clearance of lassa virus. J. Virol 86, 3389–3392. 
[PubMed: 22238311] 

Yun NE, Ronca S, Tamura A, Koma T, Seregin AV, Dineley KT, Miller M, Cook R, Shimizu N, Walker 
AG, Smith JN, Fair JN, Wauquier N, Bockarie B, Khan SH, Makishima T, Paessler S, 2015 
Animal model of sensorineural hearing loss associated with lassa virus infection. J. Virol 90, 
2920–2927. [PubMed: 26719273] 

Yun NE, Seregin AV, Walker DH, Popov VL, Walker AG, Smith JNJK, Miller M, de la Torre JC, 
Smith JNJK, Borisevich V, Fair JN, Wauquier N, Grant DS, Bockarie B, Paessler S, Bente D, 
Paessler S, 2013 Mice lacking functional STAT1 are highly susceptible to lethal infection with 
Lassa virus. J. Virol 87, 1–5.

Zivcec M, Safronetz D, Scott D, Robertson S, Ebihara H, Feldmann H, 2013 Lethal Crimean-Congo 
hemorrhagic fever virus infection in interferon α/β receptor knockout mice is associated with high 
viral loads, proinflammatory responses, and coagulopathy. J. Infect. Dis 207.

Zivcec M, Safronetz D, Scott DP, Robertson S, Feldmann H, 2018 Nucleocapsid protein-based vaccine 
provides protection in mice against lethal Crimean-Congo hemorrhagic fever virus challenge. 
PLoS Neglected Trop. Dis 12, e0006628.

Zumbrun EE, Abdeltawab NF, Bloomfield H. a, Chance TB, Nichols DK, Harrison PE, Kotb M, Nalca 
A, 2012 Development of a murine model for aerosolized ebolavirus infection using a panel of 
recombinant inbred mice. Viruses 4, 3468–3493. [PubMed: 23207275] 

Zivcec et al. Page 17

Antiviral Res. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zivcec et al. Page 18

Ta
b

le
 1

O
ve

rv
ie

w
 o

f 
va

cc
in

e 
pl

at
fo

rm
s 

te
st

ed
 in

 I
FN

-d
ef

ic
ie

nt
 m

ic
e.

V
ac

ci
ne

 
pl

at
fo

rm
A

dv
an

ta
ge

s
D

is
ad

va
nt

ag
es

A
tte

nu
at

ed
 v

ir
us

•
D

is
pl

ay
 n

at
iv

e 
pr

ot
ei

ns

•
E

as
e 

of
 p

ro
du

ct
io

n

•
Si

ng
le

 v
ac

ci
na

tio
n 

al
on

e 
of

te
n 

su
ff

ic
ie

nt
 f

or
 p

ro
te

ct
io

n

•
L

on
g 

du
ra

tio
n 

of
 im

m
un

ity

•
In

du
ce

s 
bo

th
 c

el
lu

la
r 

an
d 

hu
m

or
al

 im
m

un
ity

•
Sa

fe
ty

 c
on

ce
rn

s 
(u

se
 in

 p
re

gn
an

t o
r 

im
m

un
oc

om
pr

om
is

ed
 p

er
so

ns
; 

po
te

nt
ia

l f
or

 s
pr

ea
d 

of
 th

e 
va

cc
in

e 
vi

ru
s 

in
 th

e 
po

pu
la

tio
n;

 e
tc

.)

•
In

st
ab

ili
ty

 (
co

rr
ec

t s
to

ra
ge

/tr
an

sp
or

t c
on

di
tio

ns
 to

 m
ai

nt
ai

n 
in

fe
ct

iv
ity

)

In
ac

tiv
at

ed
 v

ir
us

•
Sa

fe
ty

 (
no

n-
re

pl
ic

at
in

g)

•
A

cc
ep

ta
bl

e 
pl

at
fo

rm
 a

lr
ea

dy
 w

id
el

y 
in

 u
se

•
L

im
ite

d 
du

ra
tio

n 
of

 im
m

un
ity

•
M

ay
 r

eq
ui

re
s 

m
ul

tip
le

 d
os

es

•
Pr

od
uc

tio
n 

re
qu

ir
es

 c
on

ta
in

m
en

t

•
D

en
at

ur
at

io
n 

of
 a

nt
ig

en
s 

du
ri

ng
 in

ac
tiv

at
io

n

Su
bu

ni
t

•
Sa

fe
ty

 (
co

nt
ai

n 
on

ly
 th

e 
an

tig
en

ic
 p

ar
ts

 o
f 

th
e 

pa
th

og
en

)

•
E

as
e 

of
 p

ro
du

ct
io

n 
(n

o 
re

qu
ir

em
en

t f
or

 in
ac

tiv
at

io
n 

or
 h

ig
h 

co
nt

ai
nm

en
t)

•
E

st
ab

lis
he

d 
pl

at
fo

rm

•
St

ab
ili

ty
 (

de
pe

nd
in

g 
on

 f
or

m
at

, i
.e

., 
pu

ri
fi

ed
 a

nt
ig

en
)

•
L

im
ite

d 
du

ra
tio

n 
of

 im
m

un
ity

•
D

ec
re

as
ed

 e
ff

ic
ac

y

•
M

ay
 r

eq
ui

re
 m

ul
tip

le
 d

os
es

D
N

A
•

Sa
fe

ty
 (

do
 n

ot
 c

on
ta

in
 li

ve
 c

om
po

ne
nt

s,
 d

o 
no

t i
nt

eg
ra

te
 in

to
 h

os
t g

en
om

e)

•
E

as
e 

of
 p

ro
du

ct
io

n 
(n

o 
re

qu
ir

em
en

t f
or

 in
ac

tiv
at

io
n 

or
 h

ig
h 

co
nt

ai
nm

en
t)

•
Si

m
ila

ri
ty

 to
 n

at
iv

e 
an

tig
en

s

•
St

ab
ili

ty
 (

D
N

A
 >

 R
N

A
)

•
M

ay
 r

eq
ui

re
s 

m
ul

tip
le

 d
os

es

•
N

ot
 y

et
 a

n 
ac

ce
pt

ed
 p

la
tf

or
m

 f
or

 h
um

an
 u

se

N
on

-r
ep

lic
at

in
g 

vi
ra

l v
ec

to
rs

•
D

is
pl

ay
 n

at
iv

e 
pr

ot
ei

ns

•
E

as
e 

of
 p

ro
du

ct
io

n 
(n

o 
re

qu
ir

em
en

t f
or

 in
ac

tiv
at

io
n 

or
 h

ig
h 

co
nt

ai
nm

en
t)

•
So

m
e 

ar
e 

no
w

 li
ce

ns
ed

 f
or

 h
um

an
 u

se

•
M

ay
 r

eq
ui

re
 m

ul
tip

le
 d

os
es

•
L

ab
or

io
us

 to
 p

ro
du

ce
 in

 h
ig

h 
qu

an
tit

ie
s

Antiviral Res. Author manuscript; available in PMC 2021 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zivcec et al. Page 19

Ta
b

le
 2

R
ep

or
ts

 o
f 

se
ve

re
 o

r 
fa

ta
l d

is
ea

se
 in

 f
ilo

vi
ru

s-
in

fe
ct

ed
 I

FN
-d

ef
ic

ie
nt

 m
ic

e.

V
ir

us
St

ra
in

K
no

ck
ou

t
O

ut
co

m
e

R
ef

er
en

ce
s

E
B

O
V

K
ik

w
it

ST
A

T
1−

/−
 (

12
9S

6/
Sv

E
v)

L
(R

ay
m

on
d 

et
 a

l.,
 2

01
1;

 Z
um

br
un

 e
t a

l.,
 2

01
2)

IF
N

A
R

−
/−

 (
C

57
B

L
/6

)
PL

B
ra

nn
an

 e
t a

l. 
(2

01
5)

IF
N

 γ
R

−
/−

 (
C

57
B

L
/6

)
L

Z
um

br
un

 e
t a

l. 
(2

01
2)

IF
N

 α
/β

/γ
R

−
/−

L
C

om
er

 e
t a

l. 
(2

01
9)

M
ay

in
ga

ST
A

T
1−

/−
 (

12
9S

6/
Sv

E
v)

L
R

ay
m

on
d 

et
 a

l. 
(2

01
1)

ST
A

T
1−

/−
 (

12
9)

L
B

ra
y 

(2
00

1)

IF
N

A
R

−
/−

 (
12

9)
L

B
ra

y 
(2

00
1)

W
T

IF
N

A
R

−
/−

 (
C

57
B

L
/6

)
PL

L
üd

tk
e 

et
 a

l. 
(2

01
7)

IF
N

A
R

−
/−

 I
FN

A
R

−
/−

 (
C

57
B

L
/6

)
L

L
üd

tk
e 

et
 a

l. 
(2

01
7)

M
ak

on
a

IF
N

A
R

−
/−

PL
Sm

ith
er

 e
t a

l. 
(2

01
6)

Y
am

bu
ku

-E
cr

an
 (

E
71

8)
IF

N
A

R
−

/−
L

L
ev

er
 e

t a
l. 

(2
01

2)

SU
D

V
B

on
if

ac
e

IF
N

A
R

−
/−

 (
12

9)
L

B
ra

y 
(2

00
1)

IF
N

A
R

−
/−

 (
C

57
B

L
/6

)
PL

B
ra

nn
an

 e
t a

l. 
(2

01
5)

IF
N

A
R

−
/−

 (
C

57
B

L
/6

)
L

(F
re

i e
t a

l.,
 2

01
6;

 F
ro

ud
e 

et
 a

l.,
 2

01
8)

G
ul

u
IF

N
A

R
−

/−
 (

C
57

B
L

/6
)

PL
B

ra
nn

an
 e

t a
l. 

(2
01

5)

IF
N

 α
/β

/γ
R

−
/−

PL
C

om
er

 e
t a

l. 
(2

01
9)

M
A

R
V

A
ng

ol
a

IF
N

 α
/β

/γ
R

−
/−

L
C

om
er

 e
t a

l. 
(2

01
9)

M
us

ok
e

IF
N

A
R

−
/−

 (
12

9)
PL

B
ra

y 
(2

00
1)

Po
pp

in
ga

IF
N

A
R

−
/−

L
L

ev
er

 e
t a

l. 
(2

01
2)

R
A

V
V

W
T

ST
A

T
1−

/−
 (

12
9S

6/
Sv

E
v)

PL
/L

a
R

ay
m

on
d 

et
 a

l. 
(2

01
1)

St
ud

ie
s 

w
ith

 w
ild

-t
yp

e 
(n

on
-r

od
en

t-
ad

ap
te

d)
 v

ir
us

es
 th

at
 c

au
se

 s
ev

er
e 

or
 f

at
al

 d
is

ea
se

 in
 m

ic
e.

a Se
ri

al
ly

 e
ut

ha
ni

ze
d 

or
 s

uc
cu

m
be

d 
to

 d
is

ea
se

 b
y 

5 
da

ys
 p

os
t i

nf
ec

tio
n;

 L
, l

et
ha

l (
10

0%
 m

or
ta

lit
y 

ac
hi

ev
ed

 w
ith

 a
t l

ea
st

 o
ne

 v
ir

us
 d

os
e 

an
d 

in
oc

ul
at

io
n 

ro
ut

e 
co

m
bi

na
tio

n)
; P

L
, p

ar
tia

lly
 le

th
al

 (
<

 1
00

%
 

m
or

ta
lit

y 
at

 a
ll 

do
se

s 
an

d 
by

 a
ll 

in
oc

ul
at

io
n 

ro
ut

es
 a

tte
m

pt
ed

 in
 s

tu
dy

);
 R

A
V

V
, R

av
n 

vi
ru

s;
 W

T,
 w

ild
-t

yp
e.

Antiviral Res. Author manuscript; available in PMC 2021 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zivcec et al. Page 20

Ta
b

le
 3

Fi
lo

vi
ru

s 
va

cc
in

es

K
no

ck
ou

t
V

ac
ci

ne
A

nt
ig

en
V

ac
ci

ne
 

vi
ru

s/
st

ra
in

Sc
he

du
le

D
os

e/
de

liv
er

y 
ro

ut
e

C
ha

lle
ng

e 

po
st

-v
ax

a
C

ha
lle

ng
e 

vi
ru

s/
st

ra
in

C
ha

lle
ng

e 
do

se
/r

ou
te

E
ff

ic
ac

y 
(s

ur
vi

va
l)

R
ef

.

ST
A

T
1−

/−
E

B
O

V
Δ

V
P3

0
W

ho
le

 
vi

ru
s

E
B

O
V

/
M

ay
in

ga
P

10
6  

FF
U

/I
P

N
A

N
A

N
A

N
A

H
al

fm
an

n 
et

 a
l. 

(2
00

9)

V
L

P
G

P,
 N

P,
 

V
P4

0
E

B
O

V
/

M
ay

in
ga

P/
B

/B
, 3

-w
k 

in
te

rv
al

10
 μ

g/
IM

40
 d

E
B

O
V

/M
A

-
M

ay
in

ga
10

00
 P

FU
/I

P
0%

R
ay

m
on

d 
et

 a
l. 

(2
01

1)

IF
N

A
R

−
/−

V
E

E
 V

R
P-

E
B

O
V

 
G

P
G

P
E

B
O

V
/

M
ay

in
ga

P
10

6 –
10

7  
IU

/S
C

4 
w

k
E

B
O

V
/K

ik
w

it 
or

 S
U

D
V

/
B

on
if

ac
e

10
00

 P
FU

/I
P

90
–1

00
%

B
ra

nn
an

 e
t a

l. 
(2

01
5)

rV
SV

Δ
G

/E
B

O
V

 
G

P
G

P
E

B
O

V
/

M
ay

in
ga

P/
B

, 3
-w

k 
in

te
rv

al
2 

×
 1

07  
SR

IP
/I

M
7 

w
k

E
B

O
V

/
M

ay
in

ga
10

00
 P

FU
/I

P
Pr

ot
ec

tiv
eb

L
en

ne
m

an
n 

et
 a

l. 
(2

01
7)

G
P 

7G
E

B
O

V
/

M
ay

in
ga

P/
B

, 3
-w

k 
in

te
rv

al
2 

×
 1

07  
SR

IP
/I

M
7 

w
k

E
B

O
V

/
M

ay
in

ga
10

00
 P

FU
/I

P
Pr

ot
ec

tiv
eb

L
en

ne
m

an
n 

et
 a

l. 
(2

01
7)

G
P 

7G
E

B
O

V
/

M
ay

in
ga

P/
B

, 3
-w

k 
in

te
rv

al
2 

×
 1

07  
SR

IP
/I

M
7 

w
k

SU
D

V
/

B
on

if
ac

e
10

00
 P

FU
/I

P
N

ot
 

pr
ot

ec
tiv

eb
L

en
ne

m
an

n 
et

 a
l. 

(2
01

7)

G
P 

7G
m

8G
E

B
O

V
/

M
ay

in
ga

P/
B

, 3
-w

k 
in

te
rv

al
2 

×
 1

07  
SR

IP
/I

M
7 

w
k

E
B

O
V

/
M

ay
in

ga
10

00
 P

FU
/I

P
Pr

ot
ec

tiv
eb

L
en

ne
m

an
n 

et
 a

l. 
(2

01
7)

G
P 

7G
m

8G
E

B
O

V
/

M
ay

in
ga

P/
B

, 3
-w

k 
in

te
rv

al
2 

×
 1

07  
SR

IP
/I

M
7 

w
k

SU
D

V
/

B
on

if
ac

e
10

00
 P

FU
/I

P
N

ot
 

pr
ot

ec
tiv

eb
L

en
ne

m
an

n 
et

 a
l. 

(2
01

7)

rV
SV

Δ
G

/S
U

D
V

 
G

P
G

P
SU

D
V

/
B

on
if

ac
e

P/
B

, 3
-w

k 
in

te
rv

al
2 

×
 1

07  
SR

IP
/I

M
7 

w
k

SU
D

V
/

B
on

if
ac

e
10

00
 P

FU
/I

P
Pr

ot
ec

tiv
eb

L
en

ne
m

an
n 

et
 a

l. 
(2

01
7)

N
on

e 
of

 th
e 

st
ud

ie
s 

re
po

rt
ed

 u
se

 o
f 

ad
ju

va
nt

.

B
, b

oo
st

; F
FU

, f
oc

us
-f

or
m

in
g 

un
its

; I
M

, i
nt

ra
m

us
cu

la
r;

 I
P,

 in
tr

ap
er

ito
ne

al
; I

U
, i

nf
ec

tio
us

 u
ni

ts
; M

A
, m

ou
se

-a
da

pt
ed

; N
A

, n
ot

 a
pp

lic
ab

le
; P

, p
ri

m
e;

 P
FU

, p
la

qu
e-

fo
rm

in
g 

un
its

; S
C

, s
ub

cu
ta

ne
ou

s;
 7

G
, 

se
qu

en
ce

 w
as

 m
od

if
ie

d 
to

 e
lim

in
at

e 
th

e 
7 

N
-l

in
ke

d 
gl

yc
an

s 
in

 th
e 

co
re

 r
eg

io
n 

(r
ec

ep
to

r 
bi

nd
in

g 
do

m
ai

n 
an

d 
gl

yc
an

 c
ap

) 
of

 G
P1

; 7
G

m
8G

, s
eq

ue
nc

e 
w

as
 m

od
if

ie
d 

to
 e

lim
in

at
e 

al
l 1

5 
N

-l
in

ke
d 

gl
yc

an
s 

in
 

G
P1

; r
V

SV
, r

ec
om

bi
na

nt
 v

es
ic

ul
ar

 s
to

m
at

iti
s 

vi
ru

s;
 S

R
IP

, s
in

gl
e-

ro
un

d 
in

fe
ct

io
us

 p
ar

tic
le

s.

a 
, tim

e 
si

nc
e 

la
st

 v
ac

ci
ne

 d
os

e 
ad

m
in

is
te

re
d.

b 
, Pr

ot
ec

tiv
e 

ef
fi

ca
cy

 b
as

ed
 o

n 
w

ei
gh

t l
os

s,
 r

ep
or

te
d 

as
 p

os
iti

ve
 o

r 
ne

ga
tiv

e 
ef

fe
ct

.

Antiviral Res. Author manuscript; available in PMC 2021 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zivcec et al. Page 21

Ta
b

le
 4

R
ep

or
ts

 o
f 

se
ve

re
 o

r 
fa

ta
l d

is
ea

se
 in

 a
re

na
vi

ru
s-

in
fe

ct
ed

 I
FN

-d
ef

ic
ie

nt
 m

ic
e.

V
ir

us
St

ra
in

K
no

ck
ou

t 
(b

ac
kg

ro
un

d)
O

ut
co

m
e

R
ef

er
en

ce
s

L
A

SV
rJ

os
ia

h
ST

A
T

1−
/−

 (
12

9S
6/

Sv
E

v)
L

Y
un

 e
t a

l. 
(2

01
3)

L
F2

38
4-

N
S-

D
IA

-1
ST

A
T

1−
/−

 (
12

9S
6/

Sv
E

v)
L

Y
un

 e
t a

l. 
(2

01
3)

ST
A

T
1−

/−
 (

12
9S

6/
Sv

E
v)

PL
Y

un
 e

t a
l. 

(2
01

5)

LV
23

50
-N

S-
D

IA
-1

ST
A

T
1−

/−
 (

12
9S

6/
Sv

E
v)

PL
Y

un
 e

t a
l. 

(2
01

5)

B
A

36
6

IF
N

A
R

−
/−

 B
6  

(C
57

B
L

/6
)a

L
O

es
te

re
ic

h 
et

 a
l. 

(2
01

6)

B
6 

IF
N

A
R

−
/−

 (
C

57
B

L
/6

)a
PL

O
es

te
re

ic
h 

et
 a

l. 
(2

01
6)

IF
N

A
R

−
/−

 I
FN

A
R

−
/−

 (
C

57
B

L
/6

)a
PL

O
es

te
re

ic
h 

et
 a

l. 
(2

01
6)

M
A

C
V

C
ar

va
llo

ST
A

T
1−

/−
 (

12
9S

6/
Sv

E
v)

L
B

ra
df

ut
e 

et
 a

l. 
(2

01
1)

IF
N

 α
/β

/γ
R

−
/−

 (
12

9)
L

(K
om

a 
et

 a
l.,

 2
01

6,
 2

01
5)

JU
N

V
R

om
er

o
IF

N
 α

/β
/γ

R
−

/−
 (

12
9/

Sv
PA

S)
L

K
ol

ok
ol

ts
ov

a 
et

 a
l. 

(2
01

0)

T
C

R
V

T
R

V
L

 1
15

73
IF

N
 α

/β
/γ

R
−

/−
 (

12
9/

Sv
PA

S)
L

G
ow

en
 e

t a
l. 

(2
01

0)

St
ud

ie
s 

re
po

rt
in

g 
se

ve
re

 (
PL

, p
ar

tia
lly

 le
th

al
; <

 1
00

%
 m

or
ta

lit
y 

at
 a

ll 
do

se
s 

an
d 

by
 a

ll 
in

oc
ul

at
io

n 
ro

ut
es

 a
tte

m
pt

ed
 in

 s
tu

dy
) 

or
 f

at
al

 d
is

ea
se

 (
L

, l
et

ha
l; 

10
0%

 m
or

ta
lit

y 
ac

hi
ev

ed
 w

ith
 a

t l
ea

st
 o

ne
 v

ir
us

 d
os

e 
an

d 
in

oc
ul

at
io

n 
ro

ut
e 

co
m

bi
na

tio
n)

.

T
C

R
V

, T
ac

ar
ib

e 
vi

ru
s.

a C
hi

m
er

ic
 m

ic
e 

ge
ne

ra
te

d 
by

 tr
an

sp
la

nt
at

io
n 

of
 w

ild
-t

yp
e 

bo
ne

 m
ar

ro
w

 c
el

ls
 in

to
 ir

ra
di

at
ed

 m
ic

e 
(i

nd
ic

at
ed

 a
s 

ba
ck

gr
ou

nd
 w

ith
 tr

an
sp

la
nt

ed
 b

on
e 

m
ar

ro
w

 o
ri

gi
n 

in
 s

up
er

sc
ri

pt
).

Antiviral Res. Author manuscript; available in PMC 2021 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zivcec et al. Page 22

Ta
b

le
 5

R
ep

or
ts

 o
f 

se
ve

re
 o

r 
fa

ta
l d

is
ea

se
 in

 C
C

H
FV

-i
nf

ec
te

d 
IF

N
-d

ef
ic

ie
nt

 m
ic

e.

C
C

H
F

V
 S

tr
ai

n
K

no
ck

ou
t 

(b
ac

kg
ro

un
d)

O
ut

co
m

e
R

ef
er

en
ce

s

Ib
A

r1
02

00
ST

A
T

1−
/−

 (
12

9S
6/

Sv
E

v)
L

B
en

te
 e

t a
l. 

(2
01

0)

IF
N

A
R

−
/−

 (
12

9S
v/

E
v)

L
D

ow
al

l e
t a

l. 
(2

01
6)

IF
N

A
R

−
/−

 (
12

9 
Sv

/E
v)

L
B

er
ec

zk
y 

et
 a

l. 
(2

01
0)

IF
N

A
R

−
/−

 (
C

57
B

L
/6

)
L

Z
iv

ce
c 

et
 a

l. 
(2

01
3)

A
fg

-0
9 

29
90

IF
N

A
R

−
/−

 (
12

9S
v)

L
O

es
te

re
ic

h 
et

 a
l. 

(2
01

4)

H
ot

i
IF

N
A

R
−

/−
 (

C
57

B
L

/6
)

L
H

aw
m

an
 e

t a
l. 

(2
01

8)

T
ur

ke
y-

20
04

06
54

6
IF

N
A

R
−

/−
 (

C
57

B
L

/6
)

L
Sp

en
gl

er
 e

t a
l. 

(2
01

9)

T
ur

ke
y-

20
04

06
54

6
ST

A
T

1−
/−

 (
12

9S
6/

Sv
E

v)
L

R
od

ri
gu

ez
 e

t a
l. 

(2
01

9)

A
nk

-2
IF

N
A

R
−

/−
 (

12
9S

7/
Sv

E
vB

rd
)

L
Fa

rz
an

i e
t a

l. 
(2

01
9a

)

A
nk

-1
5

IF
N

A
R

−
/−

 (
12

9S
7/

Sv
E

vB
rd

)
L

Fa
rz

an
i e

t a
l. 

(2
01

9a
)

A
nk

-1
6

IF
N

A
R

−
/−

 (
12

9S
7/

Sv
E

vB
rd

)
L

Fa
rz

an
i e

t a
l. 

(2
01

9a
)

U
A

E
IF

N
A

R
−

/−
 (

C
57

B
L

/6
)

PL
Sp

en
gl

er
 e

t a
l. 

(2
01

9)

O
m

an
-1

99
72

31
79

IF
N

A
R

−
/−

 (
C

57
B

L
/6

)
PL

Sp
en

gl
er

 e
t a

l. 
(2

01
9)

St
ud

ie
s 

re
po

rt
in

g 
se

ve
re

 (
PL

, p
ar

tia
lly

 le
th

al
; <

 1
00

%
 m

or
ta

lit
y 

at
 a

ll 
do

se
s 

an
d 

by
 a

ll 
in

oc
ul

at
io

n 
ro

ut
es

 a
tte

m
pt

ed
 in

 s
tu

dy
) 

or
 f

at
al

 d
is

ea
se

 (
L

, l
et

ha
l; 

10
0%

 m
or

ta
lit

y 
ac

hi
ev

ed
 w

ith
 a

t l
ea

st
 o

ne
 v

ir
us

 d
os

e 
an

d 
in

oc
ul

at
io

n 
ro

ut
e 

co
m

bi
na

tio
n)

 in
 I

FN
-d

ef
ic

ie
nt

 m
ic

e.

Antiviral Res. Author manuscript; available in PMC 2021 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zivcec et al. Page 23

Ta
b

le
 6

C
C

H
FV

 v
ac

ci
ne

s 
ev

al
ua

te
d 

ag
ai

ns
t I

bA
r1

02
00

 s
tr

ai
n.

K
no

ck
ou

t
V

ac
ci

ne
A

nt
ig

en
V

ac
ci

ne
 

vi
ru

s
Sc

he
du

le
D

os
e/

ro
ut

e;
 a

dj
uv

an
t 

(i
f 

ap
pl

ic
ab

le
)

C
ha

lle
ng

e 

po
st

-v
ax

a
C

ha
lle

ng
e 

do
se

/
ro

ut
e

E
ff

ic
ac

y 
(s

ur
vi

va
l)

R
ef

.

IF
N

A
R

−
/−

Pl
as

m
id

 D
N

A
N

* ,
 G

n*
, 

G
c*

Ib
A

r1
02

00
P/

B
/B

, 4
 w

k,
 3

 w
k 

in
te

rv
al

50
 μ

g/
ID

, E
P

6 
w

k
40

0 
FF

U
/I

P
10

0%
H

in
ku

la
 e

t a
l. 

(2
01

7)

Pl
as

m
id

 D
N

A
 

&
 V

L
P

L
, N

* ,
 G

n*
, 

G
c*

, G
PC

*
Ib

A
r1

02
00

P/
B

/B
, 4

 w
k,

 3
 w

k 
in

te
rv

al
50

 μ
g 

D
N

A
, 1

06  
V

L
P/

ID
, 

E
P,

 th
en

 I
P

6 
w

k
40

0 
FF

U
/I

P
80

%
H

in
ku

la
 e

t a
l. 

(2
01

7)

V
L

P
L

, N
, G

PC
Ib

A
r1

02
00

P/
B

/B
, 4

 w
k,

 3
 w

k 
in

te
rv

al
10

6  
V

L
P/

IP
6 

w
k

40
0 

FF
U

/I
P

40
%

H
in

ku
la

 e
t a

l. 
(2

01
7)

V
R

P
L

, N
, G

PC
Ib

A
r1

02
00

 N
, 

L
 +

 O
m

an
 

G
PC

P
10

3  
T

C
ID

50
 (

lo
w

 d
os

e)
, o

r 
10

5  
T

C
ID

50
 (

hi
gh

 
do

se
)/

SC

4 
w

k
10

0 
T

C
ID

50
/S

C
80

 (
lo

w
) 

– 
10

0%
 (

hi
gh

)
(S

ch
ol

te
 e

t a
l.,

 
20

19
) 

(S
pe

ng
le

r 
et

 
al

., 
20

19
)

Pl
as

m
id

 D
N

A
G

PC
Ib

A
r1

02
00

P/
B

/B
, 3

 w
k 

in
te

rv
al

s
25

 μ
g/

IM
, E

P
4 

w
k

10
0 

PF
U

/I
P

71
%

G
ar

ri
so

n 
et

 a
l. 

(2
01

7)

M
V

A
G

PC
†

Ib
A

r1
02

00
P/

B
, 2

 w
k 

in
te

rv
al

10
7  

PF
U

/I
M

2 
w

k
20

0 
T

C
ID

50
/I

D
10

0%
(B

ut
tig

ie
g 

et
 a

l.,
 

20
14

; D
ow

al
l e

t a
l.,

 
20

16
b)

N
†

Ib
A

r1
02

00
P/

B
, 2

 w
k 

in
te

rv
al

10
7  

PF
U

/I
M

2 
w

k
20

0 
T

C
ID

50
/I

D
0%

D
ow

al
l e

t a
l. 

(2
01

6a
)

H
um

an
 A

d 
5

N
Ib

A
r1

02
00

P
10

7  
IF

U
/I

M
4 

w
k

10
00

 L
D

50
/I

D
33

%
Z

iv
ce

c 
et

 a
l. 

(2
01

8)

N
Ib

A
r1

02
00

P/
B

, 4
 w

k 
in

te
rv

al
10

7  
IF

U
 P

, 1
08  

IF
U

 B
/I

M
 

P,
 I

N
 B

4 
w

k
10

00
L

D
50

/I
D

78
%

Z
iv

ce
c 

et
 a

l. 
(2

01
8)

ST
A

T
1−

/−
Su

bu
ni

t
G

n-
e

Ib
A

r1
02

00
P/

B
, 3

 w
k 

in
te

rv
al

15
 μ

g/
IP

; S
ig

m
a 

ad
ju

va
nt

 
sy

st
em

2 
w

k
10

0 
PF

U
/S

C
0%

K
or

te
ka

as
 e

t a
l. 

(2
01

5)

G
c-

eΔ
Ib

A
r1

02
00

P/
B

, 3
 w

k 
in

te
rv

al
7.

5 
μg

/I
P;

 S
ig

m
a 

ad
ju

va
nt

 
sy

st
em

2 
w

k
10

0 
PF

U
/S

C
0%

K
or

te
ka

as
 e

t a
l. 

(2
01

5)

G
c-

e
Ib

A
r1

02
00

P/
B

, 3
 w

k 
in

te
rv

al
1.

4 
μg

/I
P;

 S
ig

m
a 

ad
ju

va
nt

 
sy

st
em

2 
w

k
10

0 
PF

U
/I

P
0%

K
or

te
ka

as
 e

t a
l. 

(2
01

5)

rV
SV

 
(r

ep
lic

at
io

n 
de

fi
ci

en
t)

G
PC

Ib
A

r1
02

00
P 

or
 P

/B
 (

2 
w

k 
in

te
rv

al
)

10
6  

PF
U

/I
P

3 
w

k
10

0 
PF

U
/I

P
0%

R
od

ri
gu

ez
 e

t a
l. 

(2
01

9)

rV
SV

 
(r

ep
lic

at
io

n 
co

m
pe

te
nt

)

G
PC

Ib
A

r1
02

00
P

10
2  

or
 1

06  
PF

U
/I

P
3 

w
k

10
0 

PF
U

/I
P

0%
 (

lo
w

) 
– 

40
%

 (
hi

gh
)

R
od

ri
gu

ez
 e

t a
l. 

(2
01

9)

W
T

 +
 I

FN
 

bl
oc

k
Pl

as
m

id
 D

N
A

G
PC

Ib
A

r1
02

00
P/

B
/B

, 3
 w

k 
in

te
rv

al
s

25
 μ

g/
IM

, E
P

4 
w

k
10

0 
PF

U
/I

P
60

%
G

ar
ri

so
n 

et
 a

l. 
(2

01
7)

a re
fe

rs
 to

 ti
m

e 
si

nc
e 

la
st

 v
ac

ci
ne

 d
os

e 
ad

m
in

is
te

re
d.

 S
eq

ue
nc

e 
w

as
 m

od
if

ie
d 

by
:

Antiviral Res. Author manuscript; available in PMC 2021 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zivcec et al. Page 24
* , a

dd
iti

on
 o

f 
ub

iq
ui

tin
 to

 th
e 

ta
rg

et
 a

nt
ig

en
;

†,
ad

di
tio

n 
of

 tP
A

 s
ig

na
l p

ep
tid

e 
an

d 
C

-t
er

m
in

al
 V

5 
ta

g;
 -

e,
 a

dd
iti

on
 o

f 
B

iP
 s

ig
na

l s
eq

ue
nc

e,
 C

-t
er

m
in

al
 F

la
g 

ta
g,

 a
nd

 3
 S

tr
ep

 ta
gs

 s
ep

ar
at

ed
 b

y 
gl

yc
in

e 
lin

ke
r 

re
gi

on
s;

 o
r 

-e
Δ

, r
em

ov
al

 o
f 

te
rm

in
al

 1
7 

re
si

du
es

 
an

d 
ad

di
tio

n 
of

 B
iP

 s
ig

na
l s

eq
ue

nc
e,

 C
-t

er
m

in
al

 F
la

g 
ta

g,
 a

nd
 3

 S
tr

ep
 ta

gs
 s

ep
ar

at
ed

 b
y 

gl
yc

in
e 

lin
ke

r 
re

gi
on

s.
 A

d,
 a

de
no

vi
ru

s;
 B

, b
oo

st
; E

P,
 e

le
ct

ro
po

ra
tio

n;
 F

FU
, f

oc
us

-f
or

m
in

g 
un

its
; I

D
, i

nt
ra

de
rm

al
 

(b
et

w
ee

n 
sh

ou
ld

er
s)

; I
FN

, i
nt

er
fe

ro
n;

 I
FU

, i
nf

ec
tio

us
 u

ni
ts

; I
M

, i
nt

ra
m

us
cu

la
r;

 I
N

, i
nt

ra
na

sa
l; 

IP
, i

nt
ra

pe
ri

to
ne

al
; L

D
50

, 5
0%

 le
th

al
 d

os
e 

in
 I

FN
A

R
−

/−
 m

ou
se

; M
V

A
, m

od
if

ie
d 

V
ac

ci
ni

a 
A

nk
ar

a;
 P

, p
ri

m
e;

 

SC
, s

ub
cu

ta
ne

ou
s;

 P
PF

U
, p

se
ud

o 
pl

aq
ue

-f
or

m
in

g 
un

its
; P

FU
, p

la
qu

e-
fo

rm
in

g 
un

its
; r

V
SV

, r
ec

om
bi

na
nt

 v
es

ic
ul

ar
 s

to
m

at
iti

s 
vi

ru
s;

 T
C

ID
50

, t
is

su
e 

cu
ltu

re
 in

fe
ct

io
us

 d
os

e 
50

%
; V

R
P,

 v
ir

al
 r

ep
lic

on
 p

ar
tic

le
; 

W
T,

 w
ild

-t
yp

e.

Antiviral Res. Author manuscript; available in PMC 2021 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zivcec et al. Page 25

Ta
b

le
 7

C
C

H
FV

 v
ac

ci
ne

s 
ev

al
ua

te
d 

ag
ai

ns
t s

tr
ai

ns
 o

th
er

 th
an

 I
bA

r1
02

00
.

K
no

ck
ou

t
V

ac
ci

ne
A

nt
ig

en
V

ac
ci

ne
 v

ir
us

Sc
he

du
le

D
os

e/
ro

ut
e;

 
ad

ju
va

nt
 (

if
 

ap
pl

ic
ab

le
)

C
ha

lle
ng

e 

po
st

-v
ax

a
C

ha
lle

ng
e 

st
ra

in
C

ha
lle

ng
e 

do
se

/r
ou

te
E

ff
ic

ac
y 

(s
ur

vi
va

l)
R

ef
.

IF
N

A
R

−
/−

Pl
as

m
id

 D
N

A
N

A
nk

-2
P/

B
, 2

 w
k 

in
te

rv
al

50
 μ

g 
D

N
A

 I
M

2 
w

k
A

nk
-2

10
00

 T
C

ID
50

/I
P

10
0%

Fa
rz

an
i e

t a
l. 

(2
01

9a
)

N
A

nk
-2

P/
B

, 2
 w

k 
in

te
rv

al
40

 μ
g 

D
N

A
 I

M
 +

 1
0 

μg
 C

D
24

 I
M

2 
w

k
A

nk
-2

10
00

 T
C

ID
50

/I
P

10
0%

Fa
rz

an
i e

t a
l. 

(2
01

9a
)

V
R

P
L

, N
, G

PC
Ib

A
r1

02
00

 N
, 

L
 +

 O
m

an
 

G
PC

P
10

5  
T

C
ID

50
/S

C
4 

w
k

T
ur

ke
y-

20
04

06
54

6
10

0 
T

C
ID

50
/S

C
10

0%
Sp

en
gl

er
 e

t a
l. 

(2
01

9)

L
, N

, G
PC

Ib
A

r1
02

00
 N

, 
L

 +
 O

m
an

 
G

PC

P
10

5  
T

C
ID

50
/S

C
4 

w
k

O
m

an
-1

99
72

31
79

10
0 

T
C

ID
50

/S
C

10
0%

Sp
en

gl
er

 e
t a

l. 
(2

01
9)

In
ac

tiv
at

ed
, 

pu
ri

fi
ed

 v
ir

us
 

pe
lle

t

L
, N

, G
PC

T
ur

ke
y-

K
el

ki
t0

6
P/

B
/B

, 3
 w

k 
in

te
rv

al
s

20
, o

r 
40

 μ
g/

IP
; 

al
um

2 
w

k
T

ur
ke

y-
K

el
ki

t0
6

10
00

 P
PF

U
/I

P
80

%
C

an
ak

og
lu

 e
t a

l. 
(2

01
5)

L
, N

, G
PC

T
ur

ke
y-

K
el

ki
t0

6
P/

B
/B

, 3
 w

k 
in

te
rv

al
s

5 
μg

/I
P;

 a
lu

m
2 

w
k

T
ur

ke
y-

K
el

ki
t0

6
10

00
 P

PF
U

/I
P

60
%

C
an

ak
og

lu
 e

t a
l. 

(2
01

5)

B
oH

V
-4

N
A

nk
-2

P/
B

, 2
 w

k 
in

te
rv

al
10

2  
T

C
ID

50
 I

P
2 

w
k

A
nk

-2
10

00
 

T
C

ID
50

/I
P

10
0%

Fa
rz

an
i e

t a
l. 

(2
01

9b
)

m
R

N
A

N
A

nk
-2

P
25

 μ
g 

IM
4 

w
k

A
nk

-2
10

00
 T

C
ID

50
/I

P
50

%
Fa

rz
an

i e
t a

l. 
(2

01
9c

)

N
A

nk
-2

P/
B

, 2
 w

k 
in

te
rv

al
25

 μ
g 

IM
 e

ac
h 

do
se

2 
w

k
A

nk
-2

10
00

 
T

C
ID

50
/I

P
10

0%
Fa

rz
an

i e
t a

l. 
(2

01
9c

)

ST
A

T
1−

/−
rV

SV
 

(r
ep

lic
at

io
n 

co
m

pe
te

nt
)

G
PC

Ib
A

r1
02

00
P 

or
 P

/B
 (

2 
w

k 
in

te
rv

al
)

10
7  

PF
U

/I
P

3 
w

k
T

ur
ke

y-
20

04
06

54
6

50
 P

FU
/I

P
10

0%
 (

P/
B

 
on

ly
)

R
od

ri
gu

ez
 e

t a
l. 

(2
01

9)

a re
fe

rs
 to

 ti
m

e 
si

nc
e 

la
st

 v
ac

ci
ne

 d
os

e 
ad

m
in

is
te

re
d.

; B
, b

oo
st

; B
oH

V
-4

, b
ov

in
e 

he
rp

es
vi

ru
s 

ty
pe

 4
; F

FU
, f

oc
us

-f
or

m
in

g 
un

its
; I

D
, i

nt
ra

de
rm

al
 (

be
tw

ee
n 

sh
ou

ld
er

s)
; I

FN
, i

nt
er

fe
ro

n;
 I

FU
, i

nf
ec

tio
us

 u
ni

ts
; 

IM
, i

nt
ra

m
us

cu
la

r;
 I

N
, i

nt
ra

na
sa

l; 
IP

, i
nt

ra
pe

ri
to

ne
al

; L
D

50
, 5

0%
 le

th
al

 d
os

e 
in

 I
FN

A
R

−
/−

 m
ou

se
; P

, p
ri

m
e;

 S
C

, s
ub

cu
ta

ne
ou

s;
 P

PF
U

, p
se

ud
o 

pl
aq

ue
-f

or
m

in
g 

un
its

; P
FU

, p
la

qu
e-

fo
rm

in
g 

un
its

; r
V

SV
, 

re
co

m
bi

na
nt

 v
es

ic
ul

ar
 s

to
m

at
iti

s 
vi

ru
s;

 T
C

ID
50

, t
is

su
e 

cu
ltu

re
 in

fe
ct

io
us

 d
os

e 
50

%
; V

R
P,

 v
ir

al
 r

ep
lic

on
 p

ar
tic

le
; W

T,
 w

ild
-t

yp
e.

Antiviral Res. Author manuscript; available in PMC 2021 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zivcec et al. Page 26

Ta
b

le
 8

R
V

FV
 v

ac
ci

ne
s 

te
st

ed
 in

 I
FN

A
R

−
/−

 m
ic

e.

V
ac

ci
ne

A
nt

ig
en

Sc
he

du
le

D
os

e/
de

liv
er

y
C

ha
lle

ng
e 

po
st

-

va
xa

C
ha

lle
ng

e 
vi

ru
s/

st
ra

in
C

ha
lle

ng
e 

do
se

/r
ou

te
E

ff
ic

ac
y 

(s
ur

vi
va

l)
R

ef
.

Pl
as

m
id

 D
N

A
N

, G
n,

 G
c,

 N
Sm

P/
B

, 2
 w

k 
in

te
rv

al
10

0 
μg

/I
M

15
 d

M
P-

12
2 

×
 1

04  
PF

U
/I

P
0%

L
or

en
zo

 e
t a

l. 
(2

01
0)

G
n,

 G
c,

 N
Sm

P/
B

, 2
 w

k 
in

te
rv

al
10

0 
μg

/I
M

15
 d

M
P-

12
2 

×
 1

04  
PF

U
/I

P
0%

L
or

en
zo

 e
t a

l. 
(2

01
0)

N
, G

n,
 G

c
P/

B
, 2

 w
k 

in
te

rv
al

20
–1

00
 μ

g/
IM

15
 d

M
P-

12
2 

×
 1

04  
PF

U
/I

P
29

–5
7%

L
or

en
zo

 e
t a

l. 
(2

01
0)

G
n,

 G
c

P/
B

, 2
 w

k 
in

te
rv

al
1–

10
0 

μg
/I

M
15

 d
M

P-
12

2 
×

 1
04  

PF
U

/I
P

0–
10

0%
, f

ul
l 

pr
ot

ec
tio

n 
ac

hi
ev

ed
 

at
 1

00
 μ

g 
do

se

(L
or

en
zo

 e
t a

l.,
 2

01
0;

 B
os

hr
a 

et
 a

l.,
 2

01
1)

N
P/

B
, 2

 w
k 

in
te

rv
al

10
0 

μg
/I

M
15

 d
M

P-
12

2 
×

 1
04  

PF
U

/I
P

14
–4

3%
(L

or
en

zo
 e

t a
l.,

 2
01

0;
 B

os
hr

a 
et

 a
l.,

 2
01

1)

N
#

P/
B

, 2
 w

k 
in

te
rv

al
10

0 
μg

/I
M

15
 d

M
P-

12
2 

×
 1

04  
PF

U
/I

P
33

%
B

os
hr

a 
et

 a
l. 

(2
01

1)

N
%

P/
B

, 2
 w

k 
in

te
rv

al
10

0 
μg

/I
M

15
 d

M
P-

12
2 

×
 1

04  
PF

U
/I

P
43

%
B

os
hr

a 
et

 a
l. 

(2
01

1)

N
*

P/
B

, 2
 w

k 
in

te
rv

al
10

0 
μg

/I
M

15
 d

M
P-

12
2 

×
 1

04  
PF

U
/I

P
71

%
B

os
hr

a 
et

 a
l. 

(2
01

1)

N
&

P/
B

, 2
 w

k 
in

te
rv

al
10

0 
μg

/I
M

15
 d

M
P-

12
2 

×
 1

04  
PF

U
/I

P
14

%
B

os
hr

a 
et

 a
l. 

(2
01

1)

M
V

A
G

n$ , G
c$

P
10

7  
PF

U
/I

P
15

 d
R

V
FV

 is
ol

at
e 

56
/7

4
10

00
 P

FU
/I

P
14

%
L

op
ez

-G
il 

et
 a

l. 
(2

01
3)

N
on

e 
of

 th
e 

st
ud

ie
s 

re
po

rt
ed

 u
se

 o
f 

ad
ju

va
nt

.

A
ll 

va
cc

in
es

 w
er

e 
ba

se
d 

on
 R

V
FV

 M
P-

12
 s

tr
ai

n.
 I

n 
al

l s
tu

di
es

, v
ir

us
 c

ha
lle

ng
e 

w
as

 g
iv

en
 1

5 
da

ys
 p

os
t v

ac
ci

na
tio

n.
 S

eq
ue

nc
e 

w
as

 m
od

if
ie

d 
by

 a
dd

iti
on

 o
f:

#,
3 

ta
nd

em
 r

ep
et

iti
on

s 
of

 th
e 

C
3d

 g
en

e 
jo

in
ed

 b
y 

sh
or

t l
in

ke
r 

se
qu

en
ce

s 
to

 th
e 

an
tig

en
 N

-t
er

m
in

us
;

%
, C

D
15

4 
an

d 
a 

fl
ex

ib
le

 li
nk

er
 to

 th
e 

an
tig

en
 N

-t
er

m
in

us
;

*,
ub

iq
ui

tin
 to

 th
e 

an
tig

en
 N

-t
er

m
in

us
;

&
, 20

 a
m

in
o 

ac
id

 f
ro

m
 th

e 
C

-t
er

m
in

al
 ta

il 
of

 L
IM

PI
I 

to
 th

e 
an

tig
en

 C
-t

er
m

in
us

; o
r

$,
tP

A
 s

ig
na

l p
ep

tid
e 

an
d 

C
-t

er
m

in
al

 V
5 

ta
g.

 B
, b

oo
st

; I
M

, i
nt

ra
m

us
cu

la
r;

 I
P,

 in
tr

ap
er

ito
ne

al
; M

V
A

, m
od

if
ie

d 
V

ac
ci

ni
a 

A
nk

ar
a;

 P
, p

ri
m

e;
 P

FU
, p

la
qu

e-
fo

rm
in

g 
un

its
.

a R
ef

er
s 

to
 ti

m
e 

si
nc

e 
la

st
 v

ac
ci

ne
 d

os
e 

ad
m

in
is

te
re

d.

Antiviral Res. Author manuscript; available in PMC 2021 February 01.


	Abstract
	Introduction
	Background
	Interferons and IFN-deficient mice
	Outcomes of infection of IFN-deficient mice
	Types of vaccine platforms

	Filoviruses
	Susceptibility of IFN-deficient mice to filoviruses
	Filovirus vaccines tested in IFN-deficient mice
	Attenuated virus vaccines
	VRP vaccines
	VLP vaccines
	VSV vaccines


	Arenaviruses
	Susceptibility of IFN-deficient mice to arenaviruses
	Arenavirus vaccines tested in IFN-deficient mice
	Live attenuated vaccine


	Nairoviruses
	Susceptibility of IFN-deficient mice to nairoviruses
	CCHFV vaccines tested in IFN-deficient mice
	DNA and VLP vaccines
	VRP vaccines
	Inactivated virus vaccines
	Subunit vaccines
	Attenuated virus vector vaccines
	VSV vaccines
	mRNA vaccines


	Phenuiviruses
	Susceptibility of IFN-deficient mice to RVFV
	Vaccines tested in IFN-deficient mice infected with RVFV
	DNA vaccines
	MVA vaccines


	Conclusions
	References
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5
	Table 6
	Table 7
	Table 8

