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ABSTRACT Lassa virus (LASV), a member of the family Arenaviridae, is the causative
agent of Lassa fever. Lassa virus is endemic in West African countries, such as Nige-
ria, Guinea, Liberia, and Sierra Leone, and causes outbreaks annually. Lassa fever on-
set begins with “flu-like” symptoms and may develop into lethal hemorrhagic dis-
ease in severe cases. Although Lassa virus is one of the most alarming pathogens
from a public health perspective, there are few licensed vaccines or therapeutics
against Lassa fever. The fact that animal models are limited and the fact that mostly
laboratory-derived viruses are used for studies limit the successful development of
countermeasures. In this study, we demonstrated that the LASV isolate LF2384-NS-
DIA-1 (LF2384), which was directly isolated from a serum sample from a fatal human
Lassa fever case in the 2012 Sierra Leone outbreak, causes uniformly lethal infection
in outbred Hartley guinea pigs without virus-host adaptation. This is the first report
of a clinically isolated strain of LASV causing lethal infection in outbred guinea pigs.
This novel guinea pig model of Lassa fever may contribute to Lassa fever research
and the development of vaccines and therapeutics.

IMPORTANCE Lassa virus, the causative agent of Lassa fever, is a zoonotic pathogen
causing annual outbreaks in West African countries. Human patients can develop le-
thal hemorrhagic fever in severe cases. Although Lassa virus is one of the most
alarming pathogens from a public health perspective, there are few available coun-
termeasures, such as antiviral drugs or vaccines. Moreover, the fact that animal mod-
els are not readily accessible and the fact that mostly laboratory viruses, which have
been passaged many times after isolation, are used for studies further limits the suc-
cessful development of countermeasures. In this study, we demonstrate that a hu-
man isolate of Lassa virus causes lethal infection uniformly in Hartley guinea pigs.
This novel animal model of Lassa fever may contribute to Lassa fever research and
the development of vaccines and therapeutics.
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assa virus (LASV), a member of the family Arenaviridae, is the causative agent of

Lassa fever (LF). LASV is a zoonotic pathogen maintained in the rodent Mastomys
natalensis as its natural reservoir (1). Humans are infected with LASV after exposure to
the urine or feces of infected rodents or through direct contact with bodily secretions
of a human LF patient. LF onset begins with “flu-like” symptoms. In severe cases, LF
progresses into hemorrhagic disease with facial edema, high fever, and bleeding from
mucosal membranes and gastrointestinal tracts. Death may occur within 2 weeks after
the onset of initial symptoms due to multiorgan failure (2). Additionally, one-third of
Lassa fever survivors develop sensorineural hearing loss, which is often permanent (3).
LASV is endemic in West African countries, such as Nigeria, Guinea, Liberia, and Sierra
Leone, and outbreaks occur annually. However, there are no licensed vaccines against
LF. The antiviral drug Ribavirin is the only therapeutic option, although it must be
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administered early in the disease development (4). An estimated 37.7 million people are
at risk of contracting LASV, emphasizing the critical need for the development of safe
and effective vaccines and therapeutics (5). LASV must be handled at biosafety level 4
(BSL-4) due to its high pathogenicity. This is one of the largest barriers for the
development of preventive or therapeutic approaches against LF. Furthermore, animal
models of LF are limited, especially models that utilize clinically isolated viruses. The
nonhuman primate (NHP) model, which is the gold standard for LF studies, correlates
well with human LF (6, 7). However, there is concern about the cost of NHPs and the
difficulty in handling them in high-containment laboratories, especially for the screen-
ing of new vaccine candidates and antivirals. Also, the NHP model is more susceptible
to developing a more severe disease than humans. Studies are further limited by the
low numbers of human clinical isolates used in animal models. Immunocompromised
mice, such as interferon receptor or STAT1 knockout mice, develop lethal infections but
are not ideal for testing vaccines or characterizing immune responses (6, 8). Guinea pigs
are the most commonly used rodent model for LF study. The inbred guinea pig strain
13 was historically used as a lethal challenge model of LF, though they are not currently
commercially available (9, 10). Outbred strain Hartley guinea pigs mostly do not exhibit
consistent morbidity and lethality without viral adaptation of laboratory strains through
serial passage in guinea pigs (11). Animal models that are easy to use for research and
that can utilize currently circulating human Lassa virus strains are important for the
accelerated development of vaccines or therapeutics.

Here we show that the LASV isolate LF2384-NS-DIA-1 (LF2384), which was directly
isolated from a serum sample of a fatal human LF case in the 2012 Sierra Leone
outbreak and which has been reported to cause lethal infection in STAT1 knockout
mice (8), causes uniformly lethal infection in Hartley guinea pigs and may be useful for
testing vaccines and antivirals in future studies.

Pathogenicity of LASV LF2384 in guinea pigs. All guinea pigs inoculated with 104,
103, or 102 PFU of LASV LF2384 (five mice in each group) and two of five guinea pigs
inoculated with 10 PFU of LASV LF2384 succumbed to disease at 13 to 22 days
postinoculation (dpi). The mean survival times with standard errors for the groups
inoculated with 104, 103, and 102 PFU are 17.6 = 1.0, 16.4 = 1.5, and 17.0 = 0.3 dpi,
respectively (Fig. 1A). The calculated 50% lethal dose (LDsg) is <14.7 PFU. Animals
inoculated with the virus started losing weight and developed a fever, a body temper-
ature greater than 40°C, at 10 dpi (Fig. 1B and C). Animals began showing scruffy coats
at 12 dpi and developed lethargy and loss of appetite at 13 dpi. None of the inoculated
guinea pigs showed neurological symptoms prior to euthanasia. Prior to succumbing to
disease, guinea pigs developed hypothermia. The three survivors inoculated with 10
PFU of LASV LF2384 showed slight weight loss at 10 to 12 dpi but recovered afterwards.
None of the survivors presented with fever throughout the experiment. At the time of
necropsy, small spleens were observed by gross pathology.

Viral load and hematology of guinea pigs inoculated with LASV LF2384. At the
end of the study, brain, lung, liver, spleen, kidney, and blood samples were collected
and used for determining viral load. Organ samples from 16 dead/euthanized guinea
pigs and 3 survivors, as well as blood samples from 13 dead/euthanized guinea pigs
and 3 survivors, were available to use for virus titration. All lung, liver, spleen,
kidney, and blood samples and 14/16 brain samples collected from guinea pigs that
succumbed to the disease had detectable virus titers (Fig. 2A). No virus was
detected in survivors. Geometric mean virus titers detected from animals eutha-
nized due to disease in the brain, lung, liver, spleen, and kidney were 4.60, 7.49,
6.20, 6.06, and 5.02 log,, PFU/g, respectively. The geometric mean titer from blood
samples was 3.64 log,, PFU/ml. There was no correlation between time of death
and viral load.

At the time of euthanasia, collected blood samples were used for hematology. Blood
samples from uninfected guinea pigs were used as a negative control. The numbers of
white blood cells (WBC), lymphocytes (LYM), monocytes, neutrophils, red blood cells,
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FIG 1 Survival, body weight, and temperature changes of LASV LF2384-inoculated guinea pigs. Five
guinea pigs were inoculated with 104, 103, 102, or 10 PFU of LASV LF2384 intraperitoneally and monitored
for survival, body weight, and body temperature for 28 days postinoculation (d.p.i.). (A) Survival curve, (B)
percentage weight change, and (C) body temperature. In panels B and C, values are means = standard
errors (error bars).

platelets (PLT), hemoglobin level, and hematocrit were determined. WBC, LYM, and PLT
from guinea pigs that succumbed to disease were abnormally low and significantly
lower than those of surviving guinea pigs (P < 0.01) (Fig. 2B to D). The other
hematological parameters were within normal ranges, and no significant differences
were observed (see Table S1 in the supplemental material).
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FIG 2 Virus titers and hematology of guinea pigs inoculated with LASV LF2384. When guinea pigs were euthanized (EU) or dead, organ and blood samples
were collected, if available. (A) Homogenates of organs or whole-blood samples were used to titrate virus by plaque assay. The broken line indicates the
detection limit (<2.0 log,, PFU/g for organs, <2.0 log,, PFU/ml for blood). Each symbol represents the value for an individual guinea pig. The means = standard
errors (error bars) for the guinea pig organs are shown. (B to D) Blood samples were collected from guinea pigs inoculated with LASV LF2384, and hematological
parameters were measured. The numbers of white blood cells (WBC) (B), lymphocytes (LYM) (C), and platelets (PLT) (D) are shown. The broken lines indicate
the lower limit of the normal range. Each symbol represents the value for an individual guinea pig. The means = standard errors for the groups are shown.
Statistical analyses were performed using Kruskal-Wallis test following Dunn’s multiple-comparison test (*, P < 0.01).

Hartley guinea pigs usually do not develop consistent morbidity upon LASV infec-
tion; even after high-dose infection with the laboratory strain Josiah, only approxi-
mately 30% of infected animals develop severe disease (10). It is noteworthy that a
recent guinea pig-adapted LASV Josiah strain has been used in Hartley guinea pigs for
antiviral studies with 100% lethality (11). LASV LF2384 belongs to lineage IV of LASY,
which is endemic in West African countries with the exception of Nigeria, similar to the
Josiah strain. The LASV Josiah strain is commonly used for LF studies; however, it is
difficult to track the passage history of this strain as it was isolated in the 1970s (12). Our
novel guinea pig model of LF using LASV LF2384 demonstrates 100% lethality with 100
PFU inoculation without any need for virus adaptation. It has been reported that LASV
LF2384 causes lethal infection in Stat1 knockout mice (8). In this study, it was revealed
that this virus was pathogenic not only in immunocompromised animals but also in
immunocompetent guinea pigs. The LD, of LASV LF2384 in guinea pigs is less than 15
PFU. The mean survival times of groups inoculated with 104, 103, and 102 PFU are
around 17 dpi, suggesting that this model has good reproducibility as a lethal model.
In this model, infected guinea pigs present with leukopenia, lymphopenia, and throm-
bocytopenia with high viral loads in organs, which is similar to human LF case reports.
These features provide our model several advantages for its application in antiviral and
pathogenicity studies. Additionally, LASV LF2384 was isolated directly from a human
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clinical sample. This is the first report of a clinically isolated strain of LASV causing lethal
infection in outbred guinea pigs.

Although further studies are necessary to reveal the molecular mechanisms under-
lying its pathogenicity in guinea pigs, this new model of LF may play an important role
in acceleration of LF research and the testing of vaccine and therapeutic candidates.

Cells and virus. Vero cells were maintained within Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin,
and L-glutamine. LASV strain LF2384, which belongs to lineage IV, was isolated from a
fatal LF case during a 2012 outbreak in Sierra Leone (8). The virus was isolated from the
serum sample in Vero cells, and virus-containing cell culture supernatant was stored in
-80°C freezer until use without any additional passaging. All work with infectious LASV
was performed in biosafety level 4 (BSL-4) facilities in the Galveston National Laboratory
(GNL) at the University of Texas Medical Branch (UTMB) in accordance with institutional
guidelines.

Virus challenge of guinea pigs. Five- to 7-week-old Hartley guinea pigs were
purchased from Charles River. All animals were housed in animal biosafety level 2
(ABSL2) and ABSL4 facilities in the GNL at UTMB. All animal studies were reviewed and
approved by the Institutional Animal Care and Use Committee at UTMB and were con-
ducted according to the National Institutes of Health guidelines. Body temperature mea-
surements were performed using subcutaneously implanted BMDS IPTT-300 transponders
and a DAS-6007 transponder reader (Bio Medic Data Systems). Body weights were mea-
sured by using a Sartorius AY1501 digital scale. Guinea pigs were intraperitoneally inocu-
lated with diluted LASV strain LF2384 (10% to 10 PFU) in 100 wl of phosphate-buffered saline
(PBS) and monitored daily for 28 days after inoculation. Animals were humanely euthanized
once they showed neurological symptoms such as paralysis or were unable to access their
food or water and/or lost more than 20% of their body weight based on their baseline
measurement at the time of inoculation. Blood and organs (brain, lung, liver, spleen, and
kidney) were collected at the end of the study.

Hematology. Whole-blood samples collected in EDTA tubes were used for standard
hematologic analysis using a VETSCAN HM5 (ABAXIS) according to the manufacturer’s
instructions.

Virus titration. Virus titers were determined by plaque assay. Briefly, confluent Vero
cells in 12-well plates were inoculated with virus diluted 10-fold and incubated for 1 h at
37°C with 5% CO,. After the inoculum was removed and the wells were washed, each well
was overlaid with minimum essential medium containing 2% FBS, 1% penicillin-
streptomycin, and 0.6% tragacanth (Sigma). Following a 5-day incubation, cells were fixed
with 10% formalin and stained with crystal violet. Viral titers were represented as PFU.

Data availability. Sequences have been deposited in GenBank under accession no.
MN275172 and MN275173.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
mSphere.00428-19.

TABLE S1, DOCX file, 0.02 MB.

ACKNOWLEDGMENTS

This work was supported by the National Institutes of Health (T32 Al0075256 and
TL1 TR0O01440), Japan Society for the Promotion of Science (JSPS Overseas Research
Fellowship 20170296), and John S. Dunn Endowment.

We thank all the staff of the Animal Resources Center at the University of Texas
Medical Branch.

mSphere’

REFERENCES
1. Monath TP, Newhouse VF, Kemp GE, Setzer HW, Cacciapuoti A. 1974. demic in Sierra Leone. Science 185:263-265. https://doi.org/10.1126/
Lassa virus isolation from Mastomys natalensis rodents during an epi- science.185.4147.263.

September/October 2019 Volume 4 Issue 5 e00428-19

msphere.asm.org 5


https://www.ncbi.nlm.nih.gov/nuccore/MN275172
https://www.ncbi.nlm.nih.gov/nuccore/MN275173
https://doi.org/10.1128/mSphere.00428-19
https://doi.org/10.1128/mSphere.00428-19
https://doi.org/10.1126/science.185.4147.263
https://doi.org/10.1126/science.185.4147.263
https://msphere.asm.org

September/October 2019 Volume 4

Maruyama et al.

. Yun NE, Walker DH. 2012. Pathogenesis of Lassa fever. Viruses
4:2031-2048. https://doi.org/10.3390/v4102031.

. Mateer EJ, Huang C, Shehu NY, Paessler S. 2018. Lassa fever-induced

sensorineural hearing loss: a neglected public health and social burden.

PLoS Negl Trop Dis 12:e0006187. https://doi.org/10.1371/journal.pntd

.0006187.

. McCormick JB, King 1J, Webb PA, Scribner CL, Craven RB, Johnson KM,

Elliott LH, Belmont-Williams R. 1986. Lassa fever. N Engl J Med 314:

20-26. https://doi.org/10.1056/NEJM198601023140104.

. Mylne AQN, Pigott DM, Longbottom J, Shearer F, Duda KA, Messina JP,

Weiss DJ, Moyes CL, Golding N, Hay SI. 2015. Mapping the zoonotic

niche of Lassa fever in Africa. Trans R Soc Trop Med Hyg 109:483-492.

https://doi.org/10.1093/trstmh/trv047.

. Lukashevich IS. 2013. The search for animal models for Lassa fever

vaccine development. Expert Rev Vaccines 12:71-86. 2012/12/22.

https://doi.org/10.1586/erv.12.139.

. Hensley LE, Smith MA, Geisbert JB, Fritz EA, Daddario-DiCaprio KM,

Larsen T, Geisbert TW. 2011. Pathogenesis of Lassa fever in cynomolgus

macaques. Virol J 8:205. https://doi.org/10.1186/1743-422X-8-205.

Issue 5 e00428-19

mSphere’

. Yun NE, Seregin AV, Walker DH, Popov VL, Walker AG, Smith JN, Miller M,

de la Torre JC, Smith JK, Borisevich V, Fair JN, Wauquier N, Grant DS,
Bockarie B, Bente D, Paessler S. 2013. Mice lacking functional STAT1 are
highly susceptible to lethal infection with Lassa virus. J Virol 87:
10908-10911. https://doi.org/10.1128/JVI.01433-13.

. Peters CJ, Jahrling PB, Liu CT, Kenyon RH, McKee KT, Barrera Oro JG.

1987. Experimental studies of arenaviral hemorrhagic fevers. Curr Top
Microbiol Immunol 134:5-68.

. Jahrling PB, Smith S, Hesse RA, Rhoderick JB. 1982. Pathogenesis of Lassa

virus infection in guinea pigs. Infect Immun 37:771-778.

. Safronetz D, Rosenke K, Westover JB, Martellaro C, Okumura A, Furuta Y,

Geisbert J, Saturday G, Komeno T, Geisbert TW, Feldmann H, Gowen BB.
2015. The broad-spectrum antiviral favipiravir protects guinea pigs from
lethal Lassa virus infection post-disease onset. Sci Rep 5:14775. https://
doi.org/10.1038/srep14775.

. Auperin DD, McCormick JB. 1989. Nucleotide sequence of the Lassa virus

(Josiah strain) S genome RNA and amino acid sequence comparison of
the N and GPC proteins to other arenaviruses. Virology 168:421-425.
https://doi.org/10.1016/0042-6822(89)90287-0.

msphere.asm.org 6


https://doi.org/10.3390/v4102031
https://doi.org/10.1371/journal.pntd.0006187
https://doi.org/10.1371/journal.pntd.0006187
https://doi.org/10.1056/NEJM198601023140104
https://doi.org/10.1093/trstmh/trv047
https://doi.org/10.1586/erv.12.139
https://doi.org/10.1186/1743-422X-8-205
https://doi.org/10.1128/JVI.01433-13
https://doi.org/10.1038/srep14775
https://doi.org/10.1038/srep14775
https://doi.org/10.1016/0042-6822(89)90287-0
https://msphere.asm.org

	Lethal Infection of Lassa Virus Isolated from a Human Clinical Sample in Outbred Guinea Pigs without Adaptation
	Pathogenicity of LASV LF2384 in guinea pigs. 
	Viral load and hematology of guinea pigs inoculated with LASV LF2384. 
	Cells and virus. 

	Virus challenge of guinea pigs. 
	Hematology. 
	Virus titration. 
	Data availability. 
	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

