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Abstract

Lassa virus infection elicits distinctive changes in host gene expression and metabolism. We focus
on changes in host gene expression that may be biomarkers that discriminate individual pathogens
or may help to provide a prognosis for disease. In addition to assessing mRNA changes, functional
studies are also needed to discriminate causes of disease from mechanisms of host resistance. Host
responses that drive pathogenesis are likely to be targets for prevention or therapy. Host responses
to Lassa or its related arenaviruses have been monitored in cell culture, in animal models of
hemorrhagic fever, in Lassa-infected nonhuman primates and, to a limited extent, in infected
human beings. Here, we describe results from those studies and discuss potential targets for
reducing virus replication and mitigating disease.
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Background
History

Lassa fever (LF) is an acute viral disease endemic to West Africa. It was first described in
1969 when two missionary nurses died in the town of Lassa, Nigeria that gave its name to
the etiological agent, Lassa virus (LASV) [1-5]. Soon after LASV was described, outbreaks
in several hospitals showed the virus was circulating widely in Sierra Leone, Liberia and
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Guinea [6-11]. Although LASV was identified in 1969, records of hemorrhagic fever (HF)
since the 1920s indicate this virus had been circulating for at least 50 years [12,13].

Several studies [10,14-15] have shown LASV seroprevalence up to 50% in the endemic
regions. However, since severe LF appears sporadically despite high rates of infection,
disease onset is rare. Of more than 300,000 LF cases occurring every year, there are around
5000 human deaths [16,17] but the lack of systematic surveillance and absence of
convenient diagnostics obscure the true picture of LF in West Africa. As of 2014, LF
outbreaks were reported in Nigeria, Liberia, Sierra Leone, Guinea and the Central African
Republic, but the virus likely circulates in the Democratic Republic of the Congo, Mali and
Senegal as well [18,19].

The rates for disease are impacted by LASV strain variation with individual isolates
differing by up to 27% in nucleotide sequence [20]. We also know that large areas of central
and southern Africa have Mopeia-like viruses that are related to LASV but do not cause
disease [21]. Disease also depends on variations in host susceptibility due to concurrent
infections or genetic differences. For example, west Africans have alleles of the genes
LARGE and IL-21 that reduce LASV replication [22,23].

Clinical manifestations

Current knowledge is based on meager data from people, combined with data extrapolated
from LF animal models [5]. Even though person-to-person transmission appears to be
inefficient, the aerosol transmissibility of LASV and the post-9/11 fears [24], caused LASV
to be classified as a category A biothreat agent [25]. Around 80% of LASV infections are
mild or asymptomatic; the remaining cases evolve to LF or multisystem organ failure and
death. Overall, the mortality rates are between 1 and 2%, and among hospital cases mortality
can reach 20% [26].

LF pathogenesis and the host immune response are poorly characterized. There is a strong
correlation between viremia and disease, but tissue damage is not caused by direct viral-cell
lysis and seems due to the host response [27-29]. Initial flu-like symptoms are poorly
differentiated from other diseases and the incubation period is long (between 1 and 2
weeks). Those two situations make the initial diagnosis difficult and delay the initiation of
treatment. Twenty percent of the infected patients develop symptoms including: muscle
fatigue, facial edema and sore throat. A small number of these patients progress to systemic
disease with mucosal, conjunctival, gastrointestinal or genital bleeding. Platelet dysfunction
and endothelial damage are important for vascular leakage in the most severe cases.

Causes of death include myocarditis, pulmonary edema, acute respiratory distress and hypo-
volemic shock. Liver AST/ALT changes, uncontrolled viremia and high levels of IL-6 in
plasma [28] are contributors to fatal disease. Massive viral replication in liver and spleen
leads to progressive hemorrhage and increased mortality. It is common to find hepatocellular
necrosis, but it is insufficient to cause death [9,30,31]. Platelet counts are usually normal,
while platelet aggregation is impaired [32,33]. Other coagulations factors remain in the
normal range and there are few signs of disseminated intravascular coagulation [33-36].
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CNS manifestations, such as disorientation, motor problems or hiccups, are associated with
poor LF prognosis. Approximately 30% of LF patients develop hearing problems and 17%
of LF survivors suffer permanent hearing loss [5,9,37-39].

LASV infection during pregnancy increases the risk of death for mothers from 7% during
the first two trimesters to 30% during the third trimester [13,40]. High titers of LASV are
found in placenta and fetal organs, possibly due to the relatively immunosuppressed state of
pregnancy [40].

LASV in animal models

Diagnosis

At the cellular level, LASV binds a-dystroglycan [41,42] and high-mannose receptors [43]
to infect tissue macrophages (MPs) or dendritic cells (DCs). From there, the virus spreads to
regional lymph nodes, liver, spleen, kidney, adrenal gland, lung, heart, pancreas, placenta,
uterus and breast where it can also infect fibroblastic stromal cells and endothelium [44,45].
Cell culture studies [46-48] showed that LASV inhibits cytochemokine production to
decrease the recruitment of immune cells to the sites of infection and dampen the
development of a vigorous immune response. At the same time, infection enhances the
release of vasoactive mediators that cause edema in a process similar to a septic shock
[5,49]. Infection of hepatocytes or adrenal cortical cells contributes to coagulation
dysfunction, hypotension, sodium loss with hypovolemia and multi-organ failure [21,50].

Murine models using lymphocytic choriomeningitis virus (LCMV) showed tissue damage
resulting from the cytotoxic T lymphocyte response that is preventable with immuno-
suppressive drugs [51-53]. However, nonhuman primates (NHPs) or guinea pigs do not
respond to these treatments suggesting that the virulence of LASV in man, NHPs and guinea
pigs is not a predominantly immune-mediated pathology [52,54].

Our laboratory used the common marmoset (Callithrix jacchus) as a NHP model. After
LASV infection, marmosets developed systemic disease resembling LF with weight loss,
high viremia, elevated liver enzymes and death 15-20 days after inoculation. Histopathology
revealed mild liver inflammation and hepatocyte proliferation with necrotic aggregates
composed of MPs with a reduction in the intensity of HLA-DP, DQ and DR staining [55].
These findings are similar to those seen in rhesus macaques [32], cynomolgus macaques
[56] and human LF cases [21,57]. Profiling studies in primates will describe specific genes
and pathways affected by LASV and how those markers can explain the clinical features of
LF.

Early events in LASV infection are complex and it has been difficult to design early
diagnostic tests [57]. Consequently, there is no commercially available diagnostic assay for
early laboratory detection of LASV infection. Early diagnosis is important for case
classification, implementation of prevention measures, contact-tracing and treatment
initiation.

LASV isolation is the ‘gold standard’ for LF diagnosis and must be done in a high
containment Biosafety Level-4 (BSL-4) facility, over several days [58]. Virus neutralization
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tests, reversed passive hemagglutination and inhibition, and complement fixing antibody
detections were some of the first techniques tested as LASV diagnostics but detectable
antibodies appear late after infection and are only useful for surveillance of the population
[59-62]. Indirect immunofluorescence assay (IFA) can be used for LF antibody detection
(an increase of more than four-times in 1IgG-LASYV titers, 1gG of ~1:256 on admission or
IgM-LASV titer of ~1:4 is considered positive) however; specificity is low in populations
with small apparent risk of infection and does not distinguish between LASV strains. IFA
detects antibodies 7-10 days after the onset of illness, 3—4 days faster than the cytopathic
effects (CPE) seen by virus isolation [57,63,64]. ELISA was developed for LASV-IgG,
LASV-IgM and antigen detection. This test improved sensitivity and specificity, however,
early detection was not improved except when using antigen assays that were positive on the
day of patient admission [10,65-71]. Other studies showed increased sensitivity or
specificity by combining IgM and antigen assays, but detection has rarely been fast enough
for patients to initiate therapy and survive. It is also important to avoid unnecessary ribavirin
therapy in case the patients are suffering from other diseases [58].

Molecular methods such as western blot analysis have also been tried for detecting mainly
NP and GP2 antibodies [10]. With the use of this technique, it was possible to detect both
IgG and IgM against NP in acute samples with very low positive predictive value (53.6%)
but high negative predictive value (93%) [72]. Reverse transcription-PCR (RT-PCR) proved
useful for LASV detection with 100% sensitivity [73,74]. By using specific primers for a
conserved region in the S segment, up to 79% positive predictive value was achieved,
compared with 21% for IFA. Testing of three sequential samples after admission increased
the positive predictive value to 100% compared with 52% for IFA [75]. Later these
protocols were optimized by including a real-time PCR assays [76], second rounds of
amplification (nested PCR) [77], targeting several sites on the L segment [78] or combining
PCR with sequencing [79]. With PCR there are issues of strain variation (nucleotide
mismatching), cross-contamination and high implementation costs in resource-poor
countries [79].

A new method called ‘lateral flow immunoassay’ enables NP-specific antigen detection in
serum samples and is under preclinical studies by a LF consortium with Corgenix Medical
Corporation, CO, USA [71].

All diagnostics described so far detect proteins or nucleic acids of LASV. Host responses to
infection might also contribute to accurate diagnosis or the ability to predict clinical disease.
Studies in rhesus macaques infected with LCMV [80] or people infected with influenza
[81,82] established patterns of virus-specific host responses occurring before viremia. A
goal for this work is to develop diagnostic chips that will measure changes in host gene
expression that are predictive of disease onset. Unfortunately, despite a great deal of
research investment into predictive chips, no such diagnostics are currently available due to
the great person-to-person variation in disease susceptibilities and immune responses.

We speculate that the problem of human variation could be solved by an intense effort to
classify people into transcriptome types. For example, after characterizing the blood
transcriptome of 100 healthy people and hierarchical clustering of their profiles, it may be

Future Virol. Author manuscript; available in PMC 2016 January 13.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zapata and Salvato

Treatment

Page 5

possible to determine whether the clustering follows any external characteristics (such as
gender, age, ethnicity, metabolic rate and size, among others). Let us imagine that the
clustering allows us to classify the 100 subjects into five ‘groups.” Since biomarker chip
analysis relies on comparison to an appropriate healthy control, then a healthy person from
your ‘group’ can serve as your comparator when you get sick. When we profiled NHPs it
was possible to use their pre-infection bloods as the “‘healthy control” and our results were
very consistent for a single animal. Based on NHP studies, the next-generation LASV
diagnostic would determine whether a suspected Lassa case has a drop in mRNA for
NR4A2 or COX2 and a rise in mRNA for CD14, fibronectinl or chemokine receptor CCR2.
The drop or rise would be with respect to the expression of those genes in a healthy
comparator. If the sick person fits this profile, they would be likely to be harboring a
virulent case of LF disease.

Clinical and laboratory diagnosis of LASV has been improved during the last 20 years by
the introduction of new antibody or nucleic acid detection assays. The new technology
shortens the time between infection and diagnosis but fails to detect infection during the
incubation period. Thus, there are important opportunities for more advanced LF diagnostics
that incorporate early patterns of host responses with pathogen detection.

To date there are no vaccines or therapies specifically licensed for LF. Patients suspected to
have LF are treated based on symptoms and differential diagnosis. Supportive measures
such as aggressive rehydration, blood transfusion and continuous monitoring are used when
available. If the probability of having a LASV infection is high, patients are isolated [57].

Ribavirin is the only licensed antiviral drug with reported activity against LASV, Junin
(JUNV) and Machupo viruses (MACV) [54,83,84]. However, its utility is limited because it
must be administrated early in disease, during the time when diagnosis is difficult. Patients
treated seven or more days after the onset of fever had a mortality rate of 26% compared
with 9% in individuals treated during the first 6 days of fever [54]. Intravenous ribavirin (the
optimal route of administration) is costly and not widely available [85], so new antivirals are
needed.

Treating people with immune-antiserum showed inconsistent results and animal studies
showed that sera often failed to protect against LASV challenge [54,86]. Anecdotal reports
of protection with human convalescent plasma or of guinea pigs with high neutralizing titer
sera did imply success [87,88]. A combination of ribavirin plus immune serum increased
survival in LASV-infected monkeys, suggesting that this combination might be useful for
treating human beings with LF [89]. The combination of IFN-alfacon-1 (Escherichia coli-
expressed human IFN-a) plus ribavirin had synergistic activity that slowed disease and
reduced fatality rates in hamsters inoculated with the arenavirus, Pichindé [90], which serves
as a small animal model for LF.

New antiviral compounds against LASV are being developed. Guinea pigs treated with
ST-193 had a survival rate of 62.5% in contrast to no survival among controls or ribavirin-
treated animals [91]. In the same animal model favipiravir (T-705) allowed full recovery
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from Pichindé virus (PICV) infection [92]. Several groups are still searching for safe and
effective anti-LASV medicines, for example, Zapata et al. published a table of US FDA-
approved drugs that would be expected to counteract disease-associated gene-expression
changes [93-95].

Lassa vaccine approaches

Both practical and biological obstacles have impeded the search for a LASV vaccine. LASV
testing is limited to BSL-4 facilities, which are scarce and inconvenient. Genetic diversity
among LASV strains requires vaccine candidates to induce a broad cross-protective
immunity [20]. Our lack of knowledge about disease mechanisms and immune correlates
also slows progress [96]. Despite these obstacles, some progress has been made.

Early vaccine studies focused on inactivated virus that elicited a strong humoral immune
response but failed to protect rhesus macaques from LASV challenge [97], or protected 50%
of challenged north African baboons (Papio hamadryas) [98]. These differing results may
be due to the differing NHP models, inactivation methods or challenge doses [99]. Viral
subparticles [100], peptides (LASV NP conferred around 50% protection in mice but was
highly toxic in sensitized mice) [101,102], DNA vaccines [103] or live-attenuated vectors
are more promising options due to their capacity for inducing strong cellular immune
responses.

One oral administration of a recombinant aroA-attenuated Salmonella typhimurium
expressing LASV-NP induced LASV humoral and cell-mediated immune responses in mice
[104]. Immunization with vaccinia virus expressing the complete glycoprotein gene (GPC)
or NP from LASV, partially protected guinea pigs from LASV lethal challenge infection but
those animals developed viremia and some LF symptoms [105-107]. Vaccinia vectors
expressing several combinations of LASV structural proteins (NP, GP1 and GP2) were most
successful in NHPs, using constructs expressing the whole GPC or the combined GP1 and
GP2. However, immunized monkeys survived LF challenge but were still infected [108].
Similar results were seen in cynomolgus macaques vaccinated with vesicular stomatitis virus
(VSV) expressing LASV-GPC or in guinea pigs vaccinated either with VVenezuelan equine
encephalitis or yellow fever 17D (YF17D) vectors, both expressing LASV-GPC. Despite
achieving protection from lethal disease, these vectors often triggered small increases in
liver enzymes and detectable LASV viremia indicating only partial protection [109-112].
The VSV- and Vaccinia-vectored Lassa vaccines could confer 100% protection against
homologous LASV challenge in animal models, but safety concerns about their use in
populations with high HIV-seroprevalence have dampened interest in them. For example,
vaccinia vectors have been known to cause pustules in infants and immune-suppressed
people, whereas the VSV vectors can be neurotropic and cause encephalitis. Live vectors
cannot be confined to the vaccinated person so they pose a danger to bystanders with weak
immune systems.

Mopeia virus (MOPV) is closely related to LASV, infecting the same Mastomys species of
rodents as LASV. MOPV endemic areas have no reported Lassa-like cases and animals
inoculated with this virus survive LASV lethal challenge [26,69,113-117]. This observation
suggests that MOPV may be an excellent natural vaccine [99]. Fears that the MOPV genome
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could re-associate with other viruses to transform into a human pathogen are mitigated by
the fact that the attenuated forms of these viruses will be much more abundant in fully
immunized populations [69].

Our laboratory developed and characterized a reassortant virus called ML29 that contained
the L segment from nonpathogenic MOPV and the S segment from LASYV Josiah strain
[118,119]. The L segment controls virus replication and pathogenesis; the S segment carries
most of the viral antigens. ML29 has proved to be, in vitro or in vivo more attenuated than
its parental MOPV [69,120]. So far ML29 is the only vaccine to provide sterilizing
immunity after a lethal LASV challenge in multiple animal models and using broadly
different LASV strains. It is the only LHF vaccine shown to elicit strong cell-mediated
immune responses prior to challenge (allowing the use of surrogate markers for efficacy
during vaccine production) [77,118,121]. In guinea pigs, ML29 provided effective
protection when delivered up to 2 days after challenge (as a postexposure therapy) [121]. In
addition, ML29 was safe and immunogenic in rhesus macaques with AIDS [121,122]. These
experiments add value to ML29, since it is most likely to be used in HIV endemic areas and
as a LASV postexposure vaccine.

Profiling of host responses is an emerging technology for predicting vaccine efficacy. A
landmark paper on YF17D responses showed a combination of six upregulated genes [123]
that predicted good antibody responses to YF17D in man. None of these six biomarkers
were upregulated after vaccinating monkeys with ML29, the Lassa vaccine candidate,
indicating that these markers might be specific for yellow fever or might differ between
humans and NHPs. Transcriptome profiling was able to demonstrate the benign nature of
ML29 vaccination, even in the context of AIDS, when compared with lethal infection with
LCMV-WE [124].

Several vaccine candidates showed protection against LF in animal models. However, only
ML29 conferred sterilizing immunity with broad pre- and postexposure protection and no
adverse events in healthy or immuno-compromised animals. ML29 succeeded in complying
with the “two-animal rule’ required by the FDA and, in comparison to other vaccine
approaches, can be produced cheaply in West Africa.

Profiling disease progression

Profiling LCMV-infected NHPs as a model for LASV infection

Studies in vivo and in vitro sought to obtain the RNA-expression profiles of LASV infection
or the profile of a related arenavirus, LCMV [80,124-126]. Those experiments were aimed
at finding early diagnostic biomarkers that might also predict disease outcomes. Virulent and
mild infections were compared in order to identify changes specific for severe disease. For
practical reasons, most studies concentrated on venous blood sampling. Virus infection of
primates progressed from previremic to viremic stages before recovery or death (Figure 1).
Rhesus macaques infected with virulent LCMV-WE or the attenuated strain, LCMV-
Armstrong (LCMV-ARM) were sampled 1-12 days after infection and then euthanized
humanely. Blood and tissue samples were analyzed by RNA extraction and transcriptome-
profiling with Affymetrix human microarray chips. Of 54,000 probesets, 12% represented

Future Virol. Author manuscript; available in PMC 2016 January 13.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zapata and Salvato

Page 8

genes that were differentially regulated in periperal blood mononuclear cells (PBMCs)
during infection with virulent LCMV-WE or mild LCMV-Armstrong. Approximately 480 of
these genes differed in expression between LCMV-ARM and LCMV-WE infections and of
these, 91 genes differentiated mild from severe infections during the previremic stage [80].
A caveat for interpreting transcriptome profiles is that changes in gene expression do not
always reflect changes in gene product expression that are often subject to post-
transcriptional controls; therefore, we present these profiles as work in progress.

Previremic gene expression revealed major disruptions in eicosanoid (COX2), immune
response and signaling pathways. The eicosanoids, including prostaglandins and
leukotrienes, are potent arachidonic acid derivatives. The activator of ALOX5AP and the
gene for COX-2 or PTGS2 were downregulated in virulent infection [80]. Disruption of the
eicosanoid pathway could contribute to myocarditis and hemorrhagic disease signs. Immune
response genes (early growth response genes, EGR, EGFR and IL-1R) were downregulated
early in the previremic phase while IFN-stimulated genes (ISGs) including STAT1, CIG5,
IF144, IFIT4, GBP1, OAS2, OAS-L and MX2 were upregulated and remained high in the
viremic phase [80]. The ISGs are upregulated during most viral infections (Table 1) and are
known to have antiviral functions like promoting the production of cytokines and innate
immunity.

Early downregulation of EGFR and IL-1R during virulent LCMV infection in NHPs was
similar in the PICV-infected guinea pig model as shown by protein phosphorylation in
guinea pigs infected with the virulent P18 or the attenuated P2 isolates of PICV. The
attenuated P2 virus elicited an early pro-inflammatory response while P18 suppressed host
cell signaling [135]. P2 increases DNA binding of the activating RelA/p50 dimer of NF-xB,
whereas P18 increases DNA binding of the repressive p50/p50 homodimeric form [136]. A
similar mechanism was reported for suppression of IL-8 or IL-6 expression in cultured cells
by virulent but not attenuated arenaviruses [137]. Meta-analyses of profiling studies in
several laboratories identified transcription factors that were shared among some of the
virulent infections. For example, the mitogen-activated protein kinase pathway, p38 in
particular, seems to control responses to LCMV and Pichindé infections [138].

RNA profiling analyses of liver tissue from monkeys infected with LCMV-WE (virulent), or
with LCMV-ARM (attenuated), showed that both viruses alter glucose, amino acid and fatty
acid metabolism in addition to the complement and coagulation cascades. The main group of
affected genes included ISGs and innate immune response genes (e.g., ISG15, IFIT1 and
STAT1) [139]. These genes are also upregulated by several pathogenic viruses (Table 1) as
well as hepatitis C virus (HCV) [140].

The trends in gene expression may be similar among several viral infections, but significant
differences can be seen in the comparison of attenuated and pathogenic viruses (Table 1)
[80,124]. In the comparisons of attenuated and pathogenic arenaviruses, differences in gene
expression do not reflect differences in replication potential of the viruses but rather the fact
that the pathogenic viruses suppress innate immunity, allowing higher levels of virus
production, so the high viremia triggers an inflammatory response that contributes to disease
[137,141]. Both the pathogenic and nonpathogenic infections upregulate 1SGs, but since
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viremia is more sustained for the pathogenic virus, sustained ISG expression becomes a
biomarker of severe disease. Treatments would include antivirals (since viral components
are driving ISG production) and anti-inflammatory drugs such as nucleoside reverse-
transcriptase inhibitors [142].

Global gene expression can be used as a predictive marker of disease outcome.
Transcriptome analysis of rhesus macaque liver showed that, as with our previous
transcriptome analysis for blood [80], prominent expression of inflammatory-response genes
during disease. Other transcriptome studies on viral diseases in liver have also identified
higher levels of ISGs as a common theme. We observed significant upregulation of STAT1,
ISG15 and IFIT1 in LCMV-WE-infected liver compared with nondiseased liver, and similar
increases in gene expression were seen in human liver infected with HCV [140]. A recent
paper on the Ebola virus transcriptome [133] noted that most of the cells used for profiling
are actually uninfected bystanders that are responding to plasma IFN and not infected cells
that are modulated by the anti-1FN activities of viral genes [127]. A large drop in
hemoglobin gene expression during virulent infection has been attributed to IFN inhibition
of erythropoiesis [143]. It is quite possible that in the primate, IFN-a/f initiates platelet
dysfunction and treating the primate disease with platelet transfusions, as was done in
murine models [139] might help recovery.

An example of early virus-specific gene expression is that Serpin genes were downregulated
by HCV, but Serpin C is 30-fold upregulated in the LCMV liver and would be expected to
inhibit the intrinsic coagulation pathway [139].

In LCMV-infected monkey liver there were significant decreases among transcripts
promoting glycogenolysis (e.g., G6PC and FBP1) in the early stages of infection, and
increases in transcripts promoting gluconeogenesis in both viremic and previremic stages of
infection. It is likely that gluconeogenesis was driven by hydrolysis of triglycerides since
transcripts for B-oxidation enzymes and lipases were upregulated in LCMV-infected livers
[139]. Gene-expression changes during LCMYV infection predict that glycolysis plus
gluconeogenesis constituted a “futile cycle’ with increased usage of ketone bodies and fatty
acids early, followed by liver functioning in a glucose-producing role, using fatty acids and
amino acids as an energy source [139]. These alterations are similar to responses seen during
fasting [144].

Similar to our observations with LCMV, other viral infections also affect liver energy
metabolism. HBV transcription requires a regulatory enzyme of gluconeogenesis, encoded
by PPARGCI1 that is upregulated by fasting, cold temperature or stress and acts through
nuclear receptor 4a, forkhead transcription factor and glucocorticoid receptor [145].
Remarkably, PPARGC1 was significantly upregulated in the attenuated LCMV infection but
not during virulent infection [139]. Sendai virus transcription initiation requires tubulin and
the glycolytic enzyme, phosphoglycerate kinase [146]. Mayaro, an alphavirus, increases
glucose consumption in infected cells [147], but this may not be directly related to virus
replication. Both phosphoglycerate kinase and the key glycolytic enzyme, glyceraldehyde 3-
phosphate dehydrogenase were strongly upregulated in both mild and pathogenic LCMV
infections. Similarly, glyceraldehyde 3-phosphate dehydrogenase is needed in the life cycle
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of parainfluenza virus 3 (HPIV3) [148]. In the LCMV-infected primate, IRS1 expression is
decreased and expression of IRS2 is moderated, through a 7.2-fold upregulation of mMRNA
for SOCS2 [139], similar to the situation described for HCV infection [149].

Severe LCMV disease has characteristics of starvation that resemble both anorexia (appetite
loss) and cachexia (TNF-a or IL-6-mediated wasting). High IL-6 was found in plasma of
deceased macaques after LASV infection [56] and high IL-6 was found in LCMV-WE-
infected macaque livers [150]. IL-6 stimulates protein catabolism that triggers
gluconeogenesis [151], while anorexia is driven by IL-1 [152] and mobilizes fat instead of
protein stores [151]. Although we did not see increases in IL-1p, we saw upregulation of
genes for both protein catabolism and lipid oxidation. We also saw early decreases in blood
triglycerides that corroborated our transcriptome result of suppressed acetyl-COA-
carboxylase. Low triglycerides differentiated the viral disease from bacterial sepsis where
high triglycerides coincide with high liver IL-6 [153]. Although high IL-6 is detected by day
7 [150], high circulating triglycerides are not seen until the day of death for LCMV-WE-
infected macaques [139].

Metabolic changes in LCMV-infected liver may not account for the lethal disease
resembling LF. Even though the liver transcriptome resembles starvation, possibly due to
appetite loss and dehydration, primates can survive weeks of starvation and do not die
quickly as they do from LASV [154]. Since most of the transcriptome changes affecting
intermediary metabolism were seen in diseased and nondiseased animals, it is unlikely that
those changes were the primary cause of death. Importantly, some genes involved in
intermediary metabolism (PPARGC1, PCK1, IRS2, G6PC) were considerably more
upregulated in mild compared with fatal infections [139] leading to the conclusion that the
altered energy metabolism is a self-preservation mechanism and not a pathogenic one.

The transcriptome in liver from LCMV-WE monkeys revealed changes in gene expression
related to fatty acid and glucose metabolism, steroid metabolism, complement or
coagulation cascades, MAPK signaling pathway and cell adhesion. Virus-induced cytokine
production could be responsible for platelet dysfunction and diminished erythropoiesis.
Altered gene expression related to the coagulation cascade could be directly responsible for
thrombocytopenia and capillary leakage in severe LCMV infection.

Profiling LASV-exposed human cells

Results from transcriptional profiling of cell cultures should be cautiously interpreted, as
they may not accurately reflect what is taking place in live tissue. As the liver is a target
organ for LASV, one study used a differentiated human hepatoma cell line, HuH-7, for
transcriptome profiling. However, in that study insignificant differences were seen between
LASV- or LCMV-infected cells and their uninfected controls [125]. Another transcriptome
study using human PBMCs exposed to LASV or ML29 (for 4, 8 and 24 h) showed that ISGs
comprise the most highly affected group of transcripts (Table 1) as would be expected for
RNA viruses. For instance, in influenza-infected animals [155] or in yellow fever-vaccinated
people, antiviral ISGs were the most common group of upregulated genes [123]. PBMC
mRNA isolated during febrile episodes of dengue HF exhibited upregulation of GBP1,
IFI144, IFIH1, IFIT1, MX1, LY6E, as seen in LASV-PBMC exposure. LASV infection in
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vivo produces high levels of viremia with mild IFN induction, insignificant tissue damage
and little macrophage activation. In vitro, LASV is an efficient inhibitor of type I IFN and
cytokine production in contrast to the less virulent MOPV [46,47,156].

Among ISGs, IF16 (encoding yIFN-inducible protein 6) was tenfold upregulated in LASV-
exposed PBMCs compared with cells exposed to the vaccine strain ML29. IFI6 encodes a
cytokine belonging to the hematopoietic IFN-inducible nuclear antigens with 200 amino
acid repeats (HIN-200) family. Its gene product contains domains involved in DNA binding,
transcription regulation and protein—protein interactions. IFI6 protein localizes to the
nucleus, then interacts with p53 and retinoblastoma-1 to inhibit cell growth via the Ras/Raf
signaling pathway. IF16 functions as a transcriptional repressor and plays a role in the
regulation of hematopoietic differentiation that controls cellular proliferation [157].

IFITM 1-3 is an IFN-inducible viral restriction factor that differentially restricts the cellular
entry of enveloped viruses (influenza-, flavi-, filo-viruses) and modulates cellular tropism
independently of viral receptor expression [158-160]. Even though enveloped RNA viruses
share some entry mechanisms with arenaviruses, pseudo-particles expressing envelope
glycoproteins of LCMV, LASV, MACYV, as well as MLV (retrovirus) were not restricted by
IFITM expression [158].

The vaccine strain ML29 downregulated genes related to the IFN pathway including INHBA
(negative regulator of IFN-vy), IFI44, TNFSF10 (TR AIL), SPP1 and LY6E (RIGE) genes, as
well as immune response-related genes such as ITGAM encoding integrin a-M/p-2, RSAD2
(Viperin) and TRIM5 [161-163]; all more expressed after LASV than after ML29-exposure.
Interstitial collagenase and MMP-1 were upregulated more than 65-fold in LASV versus
ML-29 exposed cells [124]. MMP proteins are involved in the normal breakdown of
extracellular matrix during reproduction, tissue remodeling and embryonic development and
are also involved in metastasis and arthritis. MMP-1 interacts with the HIV transactivating
protein Tat, resulting in the degradation of Tat and downregulation of Tat-mediated
transactivation and neurotoxicity [164].

Several cytokines with anti-inflammatory activities were upregulated 20-fold to 25-fold after
exposing PBMCs to LASV [124]. The cytokine inhibin § A (INHBA) subunit joins the a
subunit to form pituitary follicle-stimulating hormone secretion inhibitor. Inhibin negatively
regulates gonadal stromal cell proliferation and has tumor-suppressor activity. Vaccinia
virus-induced INHBA expression (mediated by the viral E3 protein) blocked expression of
multiple cytokines [165] by antagonizing signaling cascades. Genes for CXCL6 and IL-1A
were also upregulated in PBMCs exposed to LASV (and CXCL6 shares functional
homology with IL-8). Clinical studies showed that serum IL-8 levels were higher in patients
with nonfatal LF and, along with other pro-inflammatory chemokines (IP-10, IL-1B, TNF-a)
[166], lower in patients with fatal LF. The clinical data match results with observations in
primary human cells in vitro. In animal models of fatal LF [56,122,150,167] it also seems
that higher levels of 1L-8 are protective against LF in vivo. While cell culture studies [46]
show that replication of LASV in monocyte-derived MPs or DCs is associated with
suppressing innate immune responses, in vivo studies with patients or experimental animals
show that cytokines such as IP-10 and IL-8 (possibly coming from uninfected bystander
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cells) can recruit immune cells and increase survival. This view contrasts with the early
‘cytokine storm’ observed in filovirus HF [168,169].

In contrast to HF caused by the South American arenaviruses Machupo and Junin,
hemorrhage with disseminated intravascular coagulation is rarely seen in patients with LF.
Nevertheless, LASV effects on vascular function and coagulation abnormalities are involved
in LF pathogenesis [168,170]. Platelets remain either normal or moderately low but there is
a strong reduction in platelet function. Plasma from LHF patients has inhibitory activity on
platelets from healthy individuals, suggesting the presence of soluble factors causing platelet
malfunctions [36]. We showed that in vitro replication of LASV in endothelial cells
(HUVEC) produced high virus titers up to 107 plaque-forming units (pfu)/ml without
causing CPE. However, some cellular functions were perturbed including reduced levels of
IL-8. Infecting HUVEC with nonpathogenic MOPV had no effect on IL-8 production [46]
suggesting that LHF disease may not be the direct consequence of CPE but is more likely
due to altered expression of soluble factors and dampened immunity.

Six genes related to the coagulation pathway are differently expressed in LASV-exposed
versus ML29-exposed PBMCs: thrombomodulin (THBD), HB-EGF, ITGAM, PLAU, ITGB3
and PD-ECGF [124]. THBD is predominantly synthesized by vascular endothelial cells, and
is a 60 kDa type | trans-membrane protein that forms a 1:1 molar complex with thrombin
and exerts pronounced inhibitory effects on thrombotic, inflammatory and redox-related
responses initiated in response to thrombin generation [171]. THBD significantly enhances
the rate of thrombin inactivation by ATIII and dramatically accelerates the ability of
thrombin to activate protein C. To validate cDNA array results, DCs derived from human
PBMCs exposed to LASV versus ML29 and THBD expression was measured by ELISA.
Levels of secreted THBD in cultures of cells exposed to LASV or ML29 were different and
correlated with transcriptome data [124]. Exposure to LASV upregulated THBD secretion
while exposure to ML29 had the opposite effect. Treating with LPS resulted in lower levels
of secreted THBD [124] including LASV-exposed cells. In the presence of thrombin, THBD
generates activated protein C (aPC) that inhibits pro-inflammatory and pro-coagulant
responses such as factor V activation, fibrinogen cleavage, platelet activation, upregulation
of leukocyte adhesion molecules and chemotaxis for neutrophils or monocytes [172-174].
Treating cells with IFN-y shortens the half-life of THBD mRNA [175]. It is our hypothesis
that the higher THBD or aPC and lower IFN responses are responsible for the absence of
inflammatory cell infiltrates or hemorrhagic symptoms seen in LF. Our current view is that a
massive LASV infection of endothelial or antigen-presenting cells would increase the
expression of both membrane and soluble THBD forms, activating aPC and capturing
HMGB1 with anti-inflammatory or anticoagulation effects [124]. Given these results,
inhibiting THBD could be a therapeutic strategy for experimental LF in primates.

Upregulated coagulation-related genes might also contribute to LF disease. Examples
include PLAU that has anticlotting effects, HB-EGF that is involved in blood vessel [176]
and kidney pathologies [177,178] and it promotes vascular maturation in conjunction with
PD-ECGF (TYMP) [179,180]. The ITGB3 (CD61, platelet marker) was 12-fold upregulated
in cells exposed to LASV at 24 h. High-affinity LASV binding to cellular a-dystroglycan
receptor perturbs the signaling interaction between agP; integrin and dystroglycan, thus
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inhibiting MEK/ERK signaling [181]. The a-dystroglycan receptor is ubiquitous for
extracellular matrix (ECM) proteins that cooperate with 31 integrins to control cell-matrix
interactions. Thus, virus-induced perturbation may contribute to functional changes among
epithelial and vascular endothelial cells that contribute to shock and death in LF patients [9].

We also know that arenaviruses can bind directly to platelets and inhibits their function
[182]. This mechanism would be exacerbated by high viremia and triggered by the
upregulation of ITGAM, ITGB3 and PD-ECGF [124]. After arterial injury, leukocytes are
recruited and an increase in ITGAM expression allows fibrinogen and platelet binding to the
vessel walls [183]. LASV-induction of ITGAM and PD-ECGF/TYMP will increase platelet
sequestration in tissues and decreased the number of circulating platelets during
hemorrhagic episodes. Differential expression of these genes may contribute to the
pathogenic phenotype of LASV and to the attenuated behavior of the vaccine strain ML-29.

In primates infected with LASV, DCs were the initial cellular targets and Kupffer cells,
hepatocytes, adrenal cortical cells or endothelial cells were infected at later stages in
terminal disease [184]. In PBMC cultures exposed to LASV or ML29, significant
transcriptome differences were observed by 24 h after exposure even though most of the
mononuclear cells in PBMC cultures are not permissive for LASV, since the virus replicates
only in differentiated monocytes or MPs [46]. DCs, representing only approximately 1% of
circulating PBMCs, are most permissive for virus replication. Thus, the gene-expression
profiles of LASV- or ML29-exposed PBMCs are primarily gene expression of uninfected
bystander cells that receive signaling from contact with virus particles, with infected DCs
and with DC-produced cytokines.

IFN production in infected cells is inhibited by the interaction of viral NP with IRF-3 [127]
or the interaction of Z protein with elF4E [185]; both complexes affect the NF-xB pathway
and favor suppression of chemokines or type | IFNs. Since virulent and nonvirulent viruses
have the same capacity to inhibit this pathway, it is primarily virus replication levels that
determine which is more effective in vivo. A byproduct of virus replication, noninfectious
virus particles, may still trigger uninfected bystander cells to express 1SGs. Upregulation of
ISGs was observed in PBMC transcriptome studies, and these particles might be driving
gene expression during the viremic stage in vivo.

Both LASV and ML29 have identical GP1 envelope proteins capable of binding to a-DG.
The ML29 GP2 is different from LASV GP2 due to a K272E substitution located between
the fusion domain and the RRLL motif at the cleavage site for cellular subtilase SK11/S1P
[69,120]. Substituting lysine (K) to glutamic acid (E) introduces two negatively charged R
groups at positions 272—-273 (Asp-Glu) that distinguish ML29 GP2 from any LASV GP2
glycoproteins analyzed so far. This potentially can affect fusion and contribute to postfusion
events as well as to ML29 attenuation.

Finally, exposing human PBMCs to viruses, mimics the viremic stage of infection. Exposing
PBMCs to LASV or to the ML29 vaccine strain, showed that LASV, but not ML29, affected
genes involved in coagulation pathways. For example, LASV exposure strongly upregulated
mMRNA and protein expression for THBD, suggesting a connection between inflammatory
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and vascular abnormalities leading to death in late-stage LF patients. Based on our current
knowledge about THBD involvement in pro-coagulant and pro-inflammatory pathways,
THBD inhibition could be a promising target for therapeutic intervention in LF animal
models.

Profiling LASV-infected NHPs

A study of LASV-infected cynomolgus macaques compared surviving and nonsurviving
animals [56]. Fatal cases suffered from fever, weight loss, high viremia and acute respiratory
distress, whereas survivors had lower viral loads and fewer disease signs. All animals
developed strong antibody responses but survivors developed them earlier. Similarly, type |
IFNs were detected soon after infection in survivors but only in terminal stages for
nonsurvivors. All infected monkeys upregulated chemokine genes CXCL10 (IP-10) and
CXCL11 (I-TAC) in peripheral blood mono-nuclear cells and lymph. Unlike people
surviving LF [166], macaque survivors had lower levels of IP10. As noted previously in
LCMV-WE-infected rhesus macaques [150,186], high levels of plasma IL-6 were detected
only in fatalities. In survivors, high counts of activated-monocytes and rising numbers of
circulating monocytes contrasted with low circulating monocytes and few activated or
proliferating T cells in fatal cases. Early and strong immune responses were needed to
control virus replication and were associated with recovery. Fatal infection was
characterized by weak immune responses and uncontrolled viral replication. The
investigators were surprised that macaques given high doses of 10% pfu LASV were more
likely to survive than those given low doses of 102 pfu LASV [56]. This result however, is
consistent with our view that a higher dose would increase signaling responses from
uninfected bystander cells and poise the animal to resist fatal disease. Bystander cells secrete
inflammatory cytokines to attract immune-surveillance at sites of infection. This promotes
robust antiviral immunity. Such a phenomenon yields a previremia transcriptome profile
similar to what is found in the viremic phase and what is seen in vitro when PBMCs are
exposed to LASV. A similar phenomenon is at work when attenuated LASV vaccines are
delivered therapeutically after lethal challenge [77,109].

Profiling of LASV-infection in cynomolgus macaques [126] can be compared with our
profiles of LASV exposed PBMCs (Figure 2) or profiles of LCMV-infected rhesus
macaques (Figure 3). In Figures 2 & 3 there are 65 blue circles representing differentially
regulated genes in LASV-infected macaques during the viremic phase. Based on Ingenuity
Pathway Analysis, the 65 genes are highly interconnected.

For Figure 2, gene symbols corresponding to upregulated genes in the LASV-exposed
PBMC:s are circled in red while the common gene (NR4A2) that is downregulated is circled
in black. Two important nodes, STAT1 and IRF7, represent genes whose products interact
with many ISG products and pro-inflammatory molecules. It is notable that these gene
products are upregulated equally well by virulent (LASV) and nonvirulent (ML29) in our
study with virus-exposed PBMCs. The gene CXCL10 (expressing chemokine IP10) is
marked with a star because it is upregulated much more by ML29 than by LASV in our
study. IP10 is also outstanding in the study of human LF survivors and in the study of
macaque LF survivors, and is important for attracting immunosurveillance to infection sites.
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The unique feature of this LASV-macaque study [126] is that several neutrophil-specific
genes are upregulated, centering on the node ELANE (elastase of neutrophils). Note that
PBMCs do not usually contain neutrophils that are removed during purification before RNA
extraction. When these cells are included amongst PBMCs, the pathology in LASV-infected
cynomolgus macaques is associated with increases in ‘band’ or immature neutrophils
[Conner JH, Pers. Comm.].

The downregulated NR4A2 (nuclear receptor 4-Az2) is circled in black (Figure 2) and it
encodes a transcription factor that induces anti- inflammatory gene products. It is notable
that NR4A2 is downregulated in the LASV-exposed PBMCs as well as in the LCMV-WE-
infected rhesus macaque, where it is a major biomarker differentiating pathogenic from
nonpathogenic infections. It is also downregulated in this group’s LASV-macaque studies
according to their latest publication (see Figure 3 in [187]). Although NR4A2 is
downregulated early in the previremic stage in LCMV macaques [80], it still needs to be
validated as a predictive biomarker of viral hemorrhagic fever (VHF).

Figure 3 compares differentially-regulated genes in LASV-infected macaques [126] with the
expression of genes from LCMV-WE-infected rhesus macaques [80]. Once again there is
strong agreement between the datasets, except for a few genes in the “neutrophil’ cluster.
Most of the discordant genes in the LCMV-WE model are either downregulated or barely
affected (e.g., hemoglobins: HBA, HBB, HBD; CDKN1C; IL-18; MMP9; LCN2;LTF;
ALAS2; RORA; RNASE?2). Some of these genes impact the eicosanoid pathways that
contribute to edema, myocarditis and a number of other LF disease signs. Although it is
tantalizing to speculate about roles for these genes in HF, experimental studies are still
needed to document the protein changes and confirm the effects on LASV pathogenesis.
These initial studies in NHPs [80,126] should be continued to expand the previremic
biomarkers of disease, and to determine which predict the development of pathogenic or
nonpathogenic infections.

Conclusion: the importance of early immune response

LHF survivors control viral loads early during the infection. Fatal cases have poor
inflammatory responses characterized by lymphopenia of all lymphocyte subsets (CD4,
CD8, B and NK cells), along with necrosis of lymphoid organs [17,33,56,184,188]. This
immunosuppressive state is established early after virus exposure. In vitro infection of MPs,
DCs or endothelial cells downregulates the production of inflammatory mediators
[46,47,189] as a key mechanism for immune suppression.

Most RNA viruses activate DCs and MPs by producing dsRNA genomic intermediates that
are recognized by pattern recognition molecules. This activation is followed by IFN
responses that induce cellular genes involved in the innate or adaptive immune responses
and inhibit virus replication [190]. Although sensitive to the antiviral effects of IFN-a and
IFN-v, strains of LASV differ in their control of IFN production in vitro and in vivo
[46,47,189,191]. In lethally infected animals, IFN-y levels were moderately elevated [150]
and in human fatal cases IFN-y levels were increased for some individuals [192]. In
monkeys IFN type | was detected early in survivors but only in terminal stages of the fatal
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disease [56]. Inhibition of IFN by LASV affects pDC maturation and DC production of
cytokines or chemokines. Viral nucleoprotein (NP) plays an important role in IFN control by
preventing activation plus nuclear translocation of IRF-3, IFN type I activation and
downstream induction of the ISGs [127,193-195]. The anti-IFN function is located within
the NP C-terminus. Functional and structural studies showed homology of this region with
the DEDDH family of 3/-5” exoribonucleases [196]. The crystal structure and interactions
with RIG-I or MDA-5 suggest that NP ribonuclease activity removes viral PAMP RNAs,
thereby avoiding recognition by pattern-recognition receptors and inhibiting IFN production
[196,197].

In 1999 we reported that LASV infection of monocyte or endothelial cell cultures
suppressed the induction of TNF-a and IL-8, an effect that would be expected to inhibit
inflammation and neutrophil migration [46]. Subsequently, two more LASV-research
groups, one in Lyon [47] and one in Atlanta, GA, USA [189], corroborated the idea that the
virulent virus was suppressing expression of chemokines that could stimulate acquired
immunity. However, there was a minor disagreement in their results: for one group [189],
DCs incubated with both infectious and inactivated LASV produced IL-1f, IL-8, little IL-10
and no TNF-a and for the other group [47], both DCs and MPs incubated with infectious
LASV suppressed TNF-a, IL-1p and IL-10 while inactivated virus particles fostered
production of those chemokines. The Lyon group concluded that the LASV stock of the
Atlanta group ‘probably contained a significant quantity of noninfectious viral products
[47],” implying that replication of infectious particles is needed to suppress innate immunity,
a finding later corroborated by others [137]. Two findings in human beings with LF lent
weight to the idea that innate immunity is suppressed in severe infection: first, fatal cases of
LHF had lower chemokine levels (IL-8 and IP-10) compared with survivors [166] and,
second, IL-8 was the only cytokine that peaked in infected contacts of severe LASV cases
who did not develop LF disease [71]. In addition, studies of primates and of human PBMCs
exposed to virus succeeded in linking virulent infection to undetectable levels of TNF-a,
low levels of IL-8 in plasma and inhibition of IL-8 mRNA expression [80,150].

IL-6 appears at high levels in plasma from LHF fatal cases and monkeys infected with
LCMV-WE. This high level of IL-6 during the last stages of severe LF could result from
hepatic regeneration and may be associated with neutrophilia [28,30,56,150,186]. Another
function that appears to be decreased in LASV-infected DCs is the maturation marker CCR7
and the capacity to migrate to secondary lymphoid organs [47].

The mechanism for disease involves LASV targeting of monocytes and DCs, inhibiting their
initial immune response and suppressing migration of activated cells to primary sites of
infection. The viral effects on host gene expression result in immune suppression, higher
viral replication and increased virulence.

Treating humans or animals with immune serum showed various results: some promising,
some discouraging [54,86—-88]. Neutralizing antibodies might have a role in LASV
protection, especially if high titers can be achieved. During natural infection of naive hosts,
there is not enough time to mount a protective antibody response. However, more clinical
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and serological studies are needed to define the role of neutralizing antibodies in LHF
recovery or reinfection.

After recovering from acute LF, patients overcome the initial lymphopenia and develop
strong CD4* immune responses against NP or GP2. The NP-CD4* response is only partially
strain-specific and cross-reacts among LASV strains [198]. The LASV-GP2-CD4" response
recognizes a conserved epitope common in the Old World (100% similarity with LCMV)
and New World arenaviruses (>90% similarity) [199]. Immunizing monkeys or guinea pigs
with LCMV, MOBV, MOPV or ML29 and other nonpathogenic Old World viruses confers
some protection against LF disease. In these animals, T-cell responses are more important
than B-cell responses. CTL-mediated protection relies more on CD8" cells than on CD4*
cells. However, the mechanism of protection remains unknown and more studies are needed
in human cases of infection to characterize the roles for T cells in LHF protection
[17,69,111,114,122,170,200,201].

In LASV-infected monkeys T-cell activation was delayed in fatal cases and in vitro
lymphoproliferative responses did not appear [56]. A decrease in CD20" B cells and
downregulation of class Il MHC antigens was also seen [55]. In contrast to fatal cases,
survivors showed T-cell activation and proliferation after exposure to inactivated LASV
particles, and also increases in circulating monocytes [56]. Similarly, ML29 immunization
of marmosets increased the CD3* and CD14* cell populations after LASV challenge [55].

In conclusion, much evidence suggests that inhibition of pattern-recognition receptors by
LASV in early infection and a failure to induce pro-inflammatory cytokines results in
immuno-suppression and uncontrolled virus replication. In late VHF disease several
different viral infections are characterized by high inflammatory responses (e.g., NLRP3
inflammasomes producing high IL-18) [202]. Thus, an early and strong immune response
that controls virus replication is more likely to promote recovery from LHF disease, and
NLRP3 inflammasome inhibitors would be reasonable treatments for late disease.

Future perspective

Future efforts in Lassa research depend on improved diagnostics, technology to monitor
vaccines, evaluating vaccine candidates and validating therapies based on modulation of
host responses. Much of this will be contingent on previremic biomarkers of Lassa infection
and how we can incorporate them into diagnostics that both confirm infection status and
clearly define the disease stage. Rapid analysis of gene-expression patterns may be used
directly or studied in order to identify the best protective biomarkers.

Development and testing of antiviral therapies (such as the drugs ST-193 and T-705) should
proceed from animal models to human clinical trials. Transcriptome profiling studies have
already pointed to new therapeutic targets (e.g., downregulation of PTGS2 and NR4A2 in the
eicosonoid pathways could be counteracted by prostacyclin or bryostatin). Several FDA-
approved drugs that are predicted to treat VHF have been suggested [94]. Cell culture
studies on the direct effects of infectious and noninfectious virus particles on PBMCs
showed that LASV upregulates THBD that interferes with coagulation, so inhibitors of
THBD define another class of potential therapies.

Future Virol. Author manuscript; available in PMC 2016 January 13.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zapata and Salvato

Page 18

Besides developing sensitive early diagnostics, prevention through public health education
and vaccine research are high priorities. Biomarkers can be validated for use in vaccine
studies, as we did in our study of the Lassa vaccine candidate ML29 in a rhesus macaque
model of AIDS [122]. In that study we characterized gene-expression changes usually
associated with benign infection indicating that the ML29 vaccine was attenuated even in an
immunosuppressed animal. There are many benefits of attenuated LASV vaccine candidates
that have received insufficient attention so far and have not advanced to clinical trials.

Forty years after LHF disease was described, molecular biology of LASV is well known but
we lack tools needed to achieve serious reductions in the prevalence and severity of Lassa
HF. Rapid diagnostics, effective vaccines and a clear understanding of LASV pathogenesis
are needed to advance the development of therapeutics. Molecular diagnostics led by gene-
expression profiling, offer a solid contribution to improving our understanding of LF, and
will contribute to prevention and treatment of disease.
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Background
e History:

e  Clinical manifestations:

o Lassa virus infection of animal models:

» Diagnosis:

e  Treatment:

» Vaccine approaches:

Profiling disease progression

»  Profiling of lymphocytic choriomeningitis virus-infected nonhuman primate, a
model for LASV infection:

Lassa emerged in West Africa in 1969;

Endemic areas of West Africa have 50% seroprevalence and 3-5000
fatalities.

Severe disease presents with myocarditis, edema, respiratory distress,
elevated AST/ALT, viremia, high plasma IL-6, encephalitis, vascular

cynomolgus macaques, less so in marmosets and guinea pigs;

strongly mmunopathogenic.

EXECUTIVE SUMMARY

leakage and hearing loss in a third of hospitalized cases.

Disease signs most resemble human Lassa fever (LF) in rhesus and

Disease in mice is dissimilar to human LF, requires high dose and is

No diagnostics are designed to detect host responses before viremia;
Current diagnostics detect viral antigens and antiviral immune responses;

Virus isolation is the gold standard for diagnosis.

Ribavirin is limited to early treatment;

Combinations of ribavirin + immune serum or ribavirin + IFN-a showed
promise;

New drugs ST-193, T-705 show promise.

Obstacles to vaccine studies include the need for BSL-4, difficult animal
models and the broad genetic diversity of Lassa virus (LASV);

Successful vaccines elicit cell-mediated immunity as well as humoral
responses;

Primate-tested vaccines include Mopeia virus, ML29, a vaccinia vector
expressing LASV-GP (VV-LASGP) and a vesiculostomatitis virus vector
expressing VSV-LASGP. ML29 shows the broadest protection.
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— Infection of primates has a previremic stage, a viremic stage and a final
stage of recovery or morbidity;

— The blood transcriptome revealed at least 90 previremic genes
discriminating virulent and benign infections;

— Changes in lymphocytic choriomeningitis virus WE strain (LCMV-WE)
blood transcriptome showed major disruptions in eicosnoid (COX-2),
immune response and signaling pathways;

— Disease signs of fatigue, hemorrhage, coagulation defects and
myocarditis could all be related to changes seen in blood and liver
transcriptome during previremic stage;

— Biomarkers of disease enable predictions of possible treatments;

— Meta-analysis and guinea pig results revealed similar transcription factors
controlling viral hemorrhagic fever in the different animal models;

—  Liver transcriptome in LCMV-WE monkeys revealed impacts on fatty
acid and glucose metabolism, steroid metabolism, complement and
coagulation cascades, MAPK signaling pathway and cell adhesion;

— Human and cynomolgus macaque survivors of LF have higher CXC
chemokines (IL-8 and IP-10).

»  Profiling of LASV-exposed human cells:

—  Transcriptome profile of human periperal blood mononuclear cells
exposed to LASV is a model for the viremic stage of in vivo infection;

—  Profile is dominated by IFN-sensitive genes as a common antiviral
pattern, even in response to inactivated virus particles and in noninfected
cells;

— Direct effects of viral genes and virus particles have been demonstrated in
cell culture, but most of the transcriptome profile in vivo is from indirect
effects of virus on uninfected ‘bystander’ cells;

—  Exposure of periperal blood mononuclear cells to LASV or to the ML29
vaccine strain, showed that LASV, but not ML29, affected genes
involved in coagulation pathways.

e  Profiling of LASV-infected nonhuman primates:

— Astudy in Lyon showed cynomolgus macaques infected with high doses
of LASV survived more frequently than those given low doses. It is
proposed that the high doses insured early effective innate immunity;

— The Ft. Detrick study did not compare the LASV infection to infection
with a nonpathogenic virus so they did not see that most of their
upregulated genes are upregulated in response to most viral infections;
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Progression of arenavirus hemorrhagic fever

Low NR4A2 + High IL-6 + ISG
eicosanoids cardiac arrest SetnaltCh W E
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Higher IL-8 + IP10 than Survival
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(day 0-3) (day 4-8) (day 9-onward)

Figure 1. Comparison of progression of viral hemorrhagic fever in lymphocytic choriomeningitis
virus WE strain-infected rhesus macaques, in Lassa virus-infected macaques and in surviving
people or macaques

ISN: IFN-stimulated gene; LASV: Lassa virus; LCMV-WE: Lymphocytic choriomeningitis
virus WE strain.3 For color figures, please see online at www.futuremedicine.com/doi/full/
10.2217/FVL.15.1
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Gene expression in LASV-infected NHPs and in LASV-exposed human PBMCs
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Figure 2. Genes differentially regulated in blood of Lassa virus-infected monkeys and in Lassa
virus-exposed periperal blood mononuclear cells

Ingenuity Pathway Analysis software was used to analyze a list of genes upregulated in
PBMC:s after Lassa challenge of cynomolgus macaques. Nodes represent gene symbols, the
products of which participate in protein—protein interactions, straight lines represent simple
interaction, arrows represent control of one gene product by another, and loops represent
self-regulation. Those genes encircled in red were also noted to be expressed in LASV-
exposed human PBMCs by [124]. Encircled in black are genes downregulated in the
Lymphocytic choriomeningitis virus WE strain monkey model. It is notable that the gene
products connected to the IRF7 node are similarly upregulated in PBMCs exposed to either
virulent LASV or nonvirulent ML29. CXCL10 (IP10) is noted because it is more expressed
after exposure to ML29 than after exposure to LASV, and more evident in survivors than in
those who succumb to Lassa fever [166].

LASV: Lassa virus; NHP: Nonhuman primate; PBMC: Periperal blood mononuclear cell.
Adapted with permission from Figure 3 of [126].
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Gene expression in LASV-infected NHPs and in LCMV-WE-infected NHPs
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Figure 3. Genes differentially regulated in periperal blood mononuclear cells of Lassa virus-
infected and lymphocytic choriomeningitis virus WE strain-infected monkeys

Ingenuity Pathway Analysis software was used to analyze a list of genes upregulated in
periperal blood mononuclear cells after Lassa challenge of cynomolgus macaques. The blue
circles contain symbolic gene names, the products of which participate in protein—protein
interactions, straight lines represent simple interaction, arrows represent control of one gene
product by another and loops represent self-regulation. Those genes encircled in red were
also noted to be expressed in the LCMV-WE-infected nonhuman primate by [80]. It is
notable that the gene products connected to the IRF7 node are similarly upregulated in
Periperal blood mononuclear cells exposed to either virulent LCMV-WE or nonvirulent
LCMV-ARM. In LCMV-WE-infected NHP, no effects were seen on ELANE, strong
downregulation (encircled in black) was seen for NR4A2 and mild to insignificant
downregulation of hemoglobins (HBA, HBB, HBD), CDKN1C, IL-18, MMP9, LCN2, LTF,
ALAS2, RORA and RNASE?2 was observed [80].

LASV: Lassa virus; LCMV-ARM: Lymphocytic choriomeningitis virus Armstrong strain;
LCMV-WE: Lymphocytic choriomeningitis virus WE strain; NHP: Nonhuman primate.
Adapted with permission from Figure 3 of [126].
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