
Evaluation of Lassa virus vaccine
immunogenicity in a CBA/J-ML29 mouse model

Item Type dissertation

Authors Goicochea, Marco Aurelio

Publication Date 2011

Abstract Lassa virus (LASV) is widely spread in West Africa and can cause
fatal Lassa fever. In addition to the significant public health
problem in endemic regions there have been numerous imported
cases to non-endemic countries. Due to limitations in treat...

Keywords ML29; Immunogenicity, Vaccine; Lassa virus; Mice; Vaccines

Download date 19/05/2023 14:49:32

Link to Item http://hdl.handle.net/10713/774

http://hdl.handle.net/10713/774


  

CURRICULUM VITAE 

Marco A. Goicochea, Ph.D. 

 

Office Address:  Institute of Human Virology 

   725 W. Lombard St.  

   Baltimore, MD 21201 

   Telephone: 410-706-1024 

   Fax: 410-706-4694 

   E-mail: mgoic001@umaryland.edu 

 

Home Address:  1306 Weldon Avenue 

Baltimore, Maryland 21211 

Telephone: 410-467-4795 

Cell: 443-257-1316 

 

 

 

EDUCATION 

 

1998-2002   Washington and Lee University, Lexington, VA. 

Bachelor of Science, Biology 

2005-2011 University of Maryland, Baltimore, MD.  

Doctor of Philosophy in Microbiology and Immunology 

 

 

RESEARCH EXPERIENCE 

 

6/2001 - 9/2001  Washington and Lee University, Lexington, VA 

   Independent Student Research 

8/2002 - 8/2004  University of Maryland, Baltimore, MD 

Diagnostic Laboratory Research Assistant/Veterinary Technician 

8/2004 - 8/2005   Macrogenics, Inc., Rockville, MD 

Laboratory Research Assistant  

7/2006 - 11/2011 University of Maryland, Baltimore, MD 

 Graduate Research Assistant, Arenavirus Laboratory 

 Advisor: Igor Lukashevich, M.D., Ph.D. 

   

EMPLOYMENT 

 

Summer 1999, 2000 Hudson Veterinary Hospital, Ossining, NY 

   Veterinary Technician 

9/1999 – 5/2000  Washington and Lee University, Lexington, VA 

   University Work Study Program, Admissions Office 

9/2001 - 5/2002  Washington and Lee University, Lexington, VA 

   University Work Study Program, Athletic Department 

8/2001 - 5/2002  Blue Ridge Animal Clinic, Lexington, VA.  

Veterinary Technician   

 

 

ACTIVITIES/VOLUNTEER EXPERIENCE 

 

2006-2007 Student Big Brother/Big Sister Program.  Served as a big brother to incoming 

graduate students. 

2006-2011  Institute of Human Virology Journal Club.  Participate in paper discussions 

conducted bi-monthly on current topics in the fields of virology, immunology 

and vaccinology.  Serve as a presenter on a rotating basis. 

mailto:mgoic001@umaryland.edu


  

2007-2008 Academic Research Mentor.  Mentor high-school interns and rotating graduate 

students during the course of the academic year on the inner workings of basic 

science research and  how to effectively manage a research science laboratory 

2007-2010    Mock Comprehensive Test Examiner.  Prepare and perform practice oral 

exam sessions to aid junior students in their preparation for oral comprehensive 

exams.  

2008- Present Careers in Science Advocate.  Travel to Patterson Park Charter School in 

Baltimore  share with 1
st
 graders what scientist do and available careers in 

research. 
2008-2010 Medical School Small Group Leader. Led medical student paper discussion 

groups as part of the problem-based learning portion of the University of 

Maryland School of Medicine’s second-year core curriculum. 

2010 Graduate Student Presentation Committee.  Assist in organization of yearly 

student presentations for the Program of Molecular Microbiology and 

Immunology.   

 

AWARDS 

 

Ruth L. Kirschstein National Research Service Award for Individual Predoctoral Fellowships (F31) to 

Promote Diversity in Health-Related Research (1F31AI082993-01).  

 

Meyerhoff Graduate Fellows program 2011 

 

2010 Institute of Human Virology Young Scientist day award winner 

 

POSTERS 

 

“A Recombinant Viral Vaccine Candidate Against Lassa Fever and Yellow Fever.”  American The 

American Society for Microbiology Annual Biodefense Meeting.  Baltimore, MD Feb. 2008. 

 

PUBLICATIONS 

 

Marsh DM, Goicochea MA. Monitoring of terrestrial salamanders: biases caused by intense sampling and 

choice of cover objects.  Journal of herpetology. 2003; 37(3):460-466. 

 

Lukashevich IS, Carrion R Jr, Salvato MS, Mansfield K, Brasky K, Zapata J, Cairo C, Goicochea M, 

Hoosien GE, Ticer A, Bryant J, Davis H, Hammamieh R, Mayda M, Jett M, Patterson J. (2008). Safety, 

immunogenicity, and efficacy of the ML29 reassortant vaccine for Lassa Fever in small non-human 

primates.  Vaccine. 2008 Sep 26; 26(41):5246-54 

 

Jiang X, Dalebout TJ, Bredenbeek PJ, Carrion R Jr, Brasky K, Patterson J, Goicochea M, Bryant J, Salvato 

MS, Lukashevich IS.  Yellow fever 17D-vectored vaccines expressing Lassa virus GP1 and GP2 

glycoproteins provide protection against fatal disease in guinea pigs. Vaccine. 2011 Feb 1;29(6):1248-57. 

Epub 2010 Dec 8. 

 

PROFESSIONAL ASSOCIATIONS 

 

American Society for Microbiology 2007-2011 

 

LANGUAGE SKILLS 

 

Fluent in written and spoken Spanish. 

http://www.ncbi.nlm.nih.gov/pubmed/21145373
http://www.ncbi.nlm.nih.gov/pubmed/21145373


  

Abstract 
 

 

 

 

Title of Dissertation: EVALUATION OF LASSA VIRUS VACCINE 

IMMUNOGENICITY IN A CBA/J–ML29 

MOUSE MODEL 

  

 Marco Aurelio Goicochea, Doctor of 

Philosophy, 2011 

  

Dissertation Directed By: Igor S. Lukashevich M.D., Ph.D., D.Sc. 

Professor of Pharmacology and Toxicology 

School of Medicine, University of Louisville 

 

 

 

Lassa virus (LASV) is widely spread in West Africa and can cause fatal Lassa 

fever.  In addition to the significant public health problem in endemic regions there have 

been numerous imported cases to non-endemic countries.    Due to limitations in 

treatment options and difficulties posed by reservoir control vaccination remains the most 

logical method of disease control; however we have no vaccine approved for human use.  

LASV is a pathogen that requires the highest level of biocontainment for study and as 

such vaccine development is both difficult and costly.  ML29 is a reassortant virus 

containing the replication machinery of the nonpathogenic Mopeia virus and major 

immunogens of LASV. It displays an attenuated phenotype both in vitro and in vivo as 

compared to wild type LASV and therefore ML29 offers a safer immunogenic surrogate 

of LASV for vaccine research outside of BSL-4 facilities. 



  

We have established a small animal model for the evaluation of immunogenicity 

of LASV vaccine candidates based on unique phenotypic characteristics of ML29 in 

CBA/J mice.  A single intraperitoneal immunization with the reassortant virus ML29 into 

CBA/J mice is non-pathogenic and sufficient to protect animals against a lethal 

homologous intracerebral challenge.  Immunized mice display negligible levels of ML29-

specific antibody titers, but LASV antigen-specific cell mediated immune (CMI) 

responses are detectable early and peak around day 8-10 after immunization.  ML29 

immune splenocytes display high numbers of IFN-γ producing cells by ELISPOT and 

robust numbers of IFN-γ+ and TNF-α+ CD4 and CD8 T lymphocytes by flow cytometry.  

In vivo CTL experiments show a correlation between Ag-specific cytotoxicity and the 

timing of protection induced by a single immunization with ML29.  Furthermore, 

splenocyte transfers using donor cells from ML29 immunized mice display a similar 

kinetics of protection.  Finally, mice that received splenocytes from ML29 immunized 

mice depleted of CD8+ cells all succumbed to a lethal challenge, further demonstrating 

the critical role of CD8 T cells in protection.  This model has proven a useful 

immunological tool for the preliminary evaluation of immunogenicity and efficacy for 

other heterologous vaccine candidates against LASV outside of BSL-4 containment 

facilities necessitated by LASV. 
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Chapter 1: Background and Specific Aims 

Introduction 

Lassa virus (LASV) is the causative agent of Lassa Fever (LF).  It is an acute 

zoonotic viral hemorrhagic fever endemic in West Africa.  It is responsible for 

approximately 100,000-300,000 infections and 5,000-10,000 deaths each year 
1
.  

Some estimates put the at risk population in this region as high as 59 million and 

yearly fatalities as high as 67,000 
2
 however due to poor surveillance programs for the 

disease it is believed that many cases go unreported or are never diagnosed to begin 

with.  In addition to the clear public health concerns in West Africa LASV is 

categorized as a Category A Select Agent by Health and Human Services and the 

United States Department of Agriculture creating a more urgent need for LASV 

research.  There have been numerous documented cases of imported cases of LF to 

non-endemic countries including the United States, the United Kingdom and 

Germany, among others 
3-7

.  While the hope for a human approved LASV vaccine for 

the near future exists, the necessary research is hampered by logistical constraints of 

BSL-4 containment and high cost of experiments on non-human primates (NHP).  A 

small animal model for the evaluation of immunogenicity and potency of LASV 

vaccine candidates is urgently needed to assess promising candidates in lower level 

BSL facilities.  This kind of model will be a very valuable tool for the transition of 

vaccine development from the bench to a manufacturing environment. 
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Lassa fever: epidemiology and disease 

 A member of the Old World group of Arenaviruses, LASV is an enveloped 

virus with ambisense bisegmented RNA 
8
.  It was first isolated in northern Nigeria 

during a hospital outbreak in 1969 
9, 10

.  The reservoir of LASV was identified as the 

multimammate rat Mastomys natalensis soon after in 1972 
11

.  It is endemic in the 

western region of the African continent with reported outbreaks in the Central African 

Republic, Guinea, Liberia, Nigeria and Sierra Leone 
2
, with recent evidence of virus 

circulating in southern Mali 
12

 (Figure 1.1).  Though no outbreaks been reported thus 

far, there is serological evidence of the virus present in both Senegal and the 

Democratic Republic of Congo. It is estimated that between 20-50% of the adult 

population in Nigeria, Guinea and Sierra Leone have been infected with LASV 

during their lives.   
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Reprinted by permission from RightsLink/BMJ Publishing Group Ltd. (VAT # 674738491): Richmond 

et al., British Medical Journal, Vol. 327, No. 7426, December 2003 

Figure 1.1 Distribution of Lassa fever outbreaks in West Africa.  
Outbreaks have occurred in the Central African Republic, Guinea, Liberia, Nigeria, and Sierra Leone; 

serological evidence of human infection has been found in the Democratic Republic of the Congo, 

Mali, and Senegal.  Recent studies have recovered live LASV from animals in southern Mali 
12

.  
 

Among all viral hemorrhagic fevers (VHF), with the exception of Dengue 

fever, LF affects the largest number of people in endemic regions of West Africa.  

Recent studies place the estimates of the at risk population as high as 59 million 

people with predicted annual incidence of illness from new infections at 3 million 

with a potential number of deaths nearing 59,000 
2
.  A computer-generated risk map 

of LF in West Africa is shown in Figure 1.2 
13

. 
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Reprinted by open-access Creative Commons Attribution License: Fichet-Calvet et al., PLoS 

Neglected Tropical Diseases, Vol. 3, No. 3, March 2009. 

Figure 1.2 Risk map of Lassa fever in West Africa. 
The posterior probability color scale, from 0.0 (no risk) to 1.0 (highest risk) is shown as an inset. Grey 

areas are either areas with no suitable imagery (because of cloud contamination; coastal Nigeria and 

Cameroon) or else are so far from any of the training set sites in their environmental conditions that no 

predictions are made for them.  Map predicted using modeling techniques based on reported incidence 

data, climate data and environmental data. 

 

The natural host for LASV is the multimammate rat Mastomys natalensis, 

which is widely spread in sub-Saharan Africa (Figure 1.3) 
11

.  These rodents often 

live in close proximity with humans and shed virus through their excreta.  

Contaminated food supplies and articles provide the most common mechanism of 

rodent-to-human transmission 
14

.  In rural areas of West Africa rodents are also a food 

source to local people and handling of infected rodents provides an additional risk for 

virus transmission 
15

.   
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Source: CDC, Special Pathogens Branch. http://www.cdc.gov/ncidod/dvrd/spb/ 

 

Figure 1.3 Distribution of the Mastomys rat across African continent. 

 

LASV human-to-human transmission often occurs in medical settings and is 

responsible for nosocomial outbreaks.  The viruscan be passed from an infected 

individual to unprotected individuals via direct contact with infected fluids.  Rural  

hospitals frequently employ practices rooted in necessity, such as reusing needles and 

treating LF patients without proper barrier techniques due to lack thereof 
16

.  These 

practices, though seemingly simple to solve, have the potential to greatly minimize 

hospital personnel casualties, but are difficult to establish to the extent required where 

the need is high but supplies and experience are low 
17

.    

  Incubation period of LF varies from 7 to 18 days 
18

.  A large proportion of 

infected individuals may experience mild symptoms or remain asymptomatic and 

there is no evidence that persistence of virus in humans is ever a source of infection 

for others 
1
.  Others, however, may initially present with febrile illnesses resembling 
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malaria or flu-like diseases, which can complicate diagnosis 
19

.   Nausea, diarrhea and 

vomiting are other symptoms often observed in infected patients.  Approximately 

20% of infected patients will go on to develop a systemic disease and experience 

mucosal, conjunctival, gastrointestinal or vaginal bleeding in progressed cases
14

.  

Fatal cases progress rapidly and are usually associated with pulmonary edema, adult 

respiratory distress syndrome, signs of encephalopathy and hypovolemic shock as 

outlined in Figure 1.4 (reviewed in 
20, 21

).  High viremia is typically a sign of poor 

prognosis.  Patients admitted to hospitals with higher viral loads in the blood cannot 

control the viral replication.  Patients with lower viral loads can control viral 

replication and typically recover 2-3 weeks after disease onset 
22

.  Approximately 

30% of patients with LASV infection experience an acute loss of hearing in one or 

both ears 
23-26

.  Despite the systemic dissemination of virus in fatal cases of LF, there 

is surprisingly little evidence of histological lesions in these patients.  Histological 

examination of human fatal LF cases found that liver is the most affected organ.  

Evaluation of liver specimens display evidence of mutifocal hepatocellular necrosis 

and hepatocyte proliferation 
27, 28

, however the extent of the damage caused to the 

liver is not sufficient to account for hepatic failure as a cause of death. 
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Reprinted by permission from RightsLink/Nature Publishing Group (License # 2762560468722): 

Geisbert et al., Nature Medicine, Vol. 10, No. 12, December 2004 

Figure 1.4 Model of hemorrhagic fever in primates. 
(a) Virus spreads from the initial infection site to regional lymph nodes, liver and spleen. At these 

sites, the virus infects tissue macrophages (including Kupffer cells) and dendritic cells. Soluble factors 

released from virus-infected monocytes and macrophages act locally and systemically. Release of 

chemokines from these virus-infected cells recruits additional macrophages to sites of infection, 

making more target cells available for viral exploitation and further amplifying the dysregulated host 

response. Although none of these viruses infects lymphocytes, their rapid loss by apoptosis is a 

prominent feature of disease. The direct interaction of lymphocytes with viral proteins cannot be 

discounted as having a role in their destruction, but the marked loss of lymphocytes is likely to result 

from a combination of factors including virus infection of dendritic cells and release of soluble factors 

from virus-infected monocytes and macrophages. For example, virus infection of dendritic cells 

impairs their function by interfering with the upregulation of costimulatory molecules, which are 

important in providing rescue signals to T lymphocytes. Additionally, release of soluble factors from 

infected monocytes and macrophages results in deletion of lymphocytes, both directly by release of 

mediators such as nitric oxide and indirectly by contributing to upregulation of proapoptotic proteins 

such as Fas and TRAIL. The coagulation abnormalities vary in nature and magnitude among the 

VHFs. For example, Ebola virus induces the overexpression of tissue factor, which results in activation 

of the clotting pathway and the formation of fibrin in the vasculature. In contrast, coagulation disorders 

are less marked in Lassa fever, and impairment of endothelial function contributes to edema, which 

seems to be a more prominent finding in Lassa fever than in other VHFs. (b) The hemodynamic and 

coagulation disorders common among all of the VHFs are exacerbated by infection of hepatocytes and 

adrenal cortical cells. Infection of hepatocytes impairs synthesis of important clotting factors. At the 

same time, reduced synthesis of albumin by hepatocytes results in a reduced plasma osmotic pressure 

and contributes to edema. Impaired secretion of steroid-synthesizing enzymes by hemorrhagic fever 

virus−infected adrenal cortical cells leads to hypotension and sodium loss with hypovolemia. Macular 

rashes are often seen in VHFs. 
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Among individuals infected with LASV, it is estimated that 80% will 

experience only mild disease or remain completely asymptomatic.  The remaining 

20% of infected individuals will have severe multisystem disease 
2
.   Estimates of 

mortality show that only 1-2% of infected individuals in the general population will 

succumb to the disease 
1
.  Among hospitalized patients mortality rate can be higher 

than 15%, and this percentage can be even higher in certain groups of patients.  

Pregnant mothers experience an unusually high mortality rate (29%) and fetal and 

neonatal loss (87%).  Studies in Sierra Leone have shown that 25% of all maternal 

deaths in the country are in fact due to LF 
29

.   

Due to the widely spread habitat of the Mastomys natalensis in Sub-Saharan 

Africa eradication of the reservoir is an unrealistic method of disease control 
30

.  

There currently exists only one known drug treatment for LF patients, namely 

Ribavirin 
31

.  Unfortunately, Ribavirin treatment is only effective during the early 

stages of infection and there are no facilities in endemic areas for rapid diagnosis at 

these early stages of the disease.  Thus far it has proved effective by intravenous 

administration but not by oral route 
32

.  Furthermore, ribavirin treatment is associated 

with toxicity in many cases and is not an affordable treatment option for the majority 

of the population.  For these reasons a vaccine is the only feasible option for the 

control of LF in West Africa. 

Structure and life cycle of Lassa virus 

As with all arenaviruses, LASV is an enveloped virus with a bisegmented 

genome with a life cycle that is restricted to the cytoplasm.  The LASV genome 

consists of two single-stranded RNA segments, a small (S) and a large (L) 
33

 (Figure 
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1.5.A).  The 3.5 kb S segment encodes the nucleoprotein (NP) and the glycoprotein 

complex (GPC), which is post-translationally cleaved into the envelope GP1 and GP2 

by the cellular protease SKI-1/S1P.  The 7.3 kb L segment encodes the viral 

polymerase, or L protein, and the small, zinc-binding (Z) protein.  Both the S and the 

L segments encode their respective proteins in an ambisense manner, separated by an 

intergenic region that is predicted to fold into a stable secondary structure (Figure 

1.5.B). 
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Reprinted by permission from Future Science Group: Adapted from Moraz and Kunz, Expert Rev. 

Anti. Infec. Ther. Nature Medicine, Vol. 9, No. 1, 2011. 

 

Figure 1.5 Arenavirus particle and genome organization. 
(A) Schematic representataion of an arenavirus particle. The viral RNA is packaged into 

ribonucleoparticles (RNPs) containing the viral NP. The RNA-dependent RNA polymerase (L) is 

associated with RNP and is required for the initial steps of viral transcription. The matrix protein, Z, 

associates with the inner leaflet of the viral membrane envelope and interacts with the C-terminal part 

of the transmembrane GP2 moiety of the mature GP1/GP2 complex decorating the virion surface. The 

receptor-binding GP1 forms the top part of the GP virion spikes, whereas the transmembrane GP2 part 

contains the fusion machinery. In their mature form, arenavirus GPs are fully processed and 

presumably form trimers, similar to other fusion-active viral membrane proteins. (B) The ambisense 

coding strategy of arenaviruses. Each of the two ssRNA segments, L (circa 7.2 kb) and S (3.5 kb), uses 

an ambisense coding strategy to direct the synthesis of two polypeptides in opposite orientations and is 

separated by an IGR predicted to have a stable hairpin structure. The 5’ ends of the genomic arenavirus 

RNA cannot serve as a template for translation and viral protein expression requires prior transcription, 

as in true negative-strand viruses. GP: Glycoprotein; GPC: Glycoprotein precursor; IGR: Intergenic 

region; L: RNA-dependent RNA polymerase; NP: Nucleoprotein. 
 

As with most Old World arenaviruses, the cellular receptor on human cells for 

LASV is α-dystroglycan (α-DG) 
34, 35

, which is a receptor for proteins involved in the 

extracellular matrix.  This host cellular receptor is recognized by the GP1 of LASV 
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and attachment to α-DG is also mediated by GP1.  Once attached, virus particles are 

taken up by endocytosis and delivered to acidified endosomes where the low pH 

induces fusion to the membrane via GP2 
36

.  Unlike New World arenaviruses and 

other viruses, the mechanism of cell entry used by Old World arenaviruses is 

completely independent of clathrin, caveolin, dynamin and actin 
37-39

.  Inside the 

cytoplasm the two genomic segments serve as templates for both transcription of 

mRNA and replication of genomic material, which are assisted by the L and NP 

proteins 
40

.  Arenaviruses undergo a distinct process of both transcription and 

replication due to their ambisense genome.  Each segment must undergo two rounds 

of replication to transcribe and translate both proteins.  In the case of the S segment, 

NP can be directly transcribed and then translated into protein.  For GPC, an 

antigenomic strand of RNA must first be produced in order to create a GPC template 

in the correct coding orientation.  From this antigenomic strand virus can now 

transcribe GPC mRNA for subsequent translation into protein and be used as a 

template to replicate the entire genomic segment.  This replication approach is 

outlined in Figure 1.6 with the S segment as an example. 
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Reprinted by permission from RightsLink/Springer (License # 2762660552445): de la Torre Viral 

Genome Replication 2009 

Figure 1.6 Replication of arenavirus ambisense genome. 
Pictured is the replication process for the S segment of an arenavirus.  NP is directly transcribed to 

mRNA capable of being translated.  For GPC transcription, a full length antigenomic template must 

first be produced.  S antigenomic RNA serves as a template for GPC transcription and for full length 

genomic replication to be packaged into new virions.  

 

 Once transcription and translation of all viral components is complete 

assembly of new virions takes place at the cell membrane.  Ribonucleoparticles 

associate at the cell surface along regions of the cell membrane that have been 

enriched with viral glycoproteins.  Previous studies involved in elucidating functions 

of the Z protein have shown that it serves as the primary viral factor involved in 

budding of new virions from infected cells 
41, 42

.   
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Immunology of Lassa virus 

Most of the immunology we know regarding LASV has predominantly come 

from vaccination studies in experimental animals and from studies in LASV infected 

individuals.  It is known that the immune response produced in the natural rodent host 

is quite different than that produced in nonhuman primates.  Rodents for the most 

part, are limited to a sub-clinical chronic infection 
43

, while guinea pigs and 

nonhuman primates, as in humans, experience systemic disease.  However, in animal 

models the effect of a LASV, as with LCMV, infection can vary dramatically based 

on dose, strain of virus and route of infection 
44, 45

.  In reality, much of our knowledge 

of immune responses to a LASV infection is indirect and most data from vaccine 

studies have suggested that protection is primarily dependent on CTL responses as 

neutralizing antibodies do not correlate with convalescence 
22

.  This is in contrast to 

many New World Arenavirus-caused hemorrhagic fevers such as Junín virus, the 

causative agent of Argentine hemorrhagic fever 
46

.  This is the only arenavirus with 

an experimental vaccine that has been used in humans, which is an attenuated strain 

of the virus called Candid 1, and elicits high antibody titers known to protect up to 

84% of immunized individuals 
47

. 

In humans it is known that LASV infection produces rapid titers of both IgM 

and IgG antibodies which can be readily detected during viremia suggesting that these 

antibodies are not neutralizing 
22

.  Neutralizing antibodies can be detected in both 

humans and experimentally infected monkeys, but usually these titers are relatively 

low and are only found months after convalescence 
48

.  In LCMV it is known that 

virus can infect B cells and target them for destruction by virus-specific CTL 
49

, 



 

 14 

 

which accounts for the lack of  neutralizing antibodies until after the infection has 

been controlled, however this has not been shown for LASV. 

Studies following human subjects that have recovered from a LASV infection 

show that these individuals are protected against future disease.  This is evident in 

subsequent elevations in virus-specific antibody titers without any clinical 

manifestation of disease, which is indicative of a reinfection of LASV.  These 

findings are validated by the fact that there has never been a documented second 

clinical attack over an extended monitoring period in an endemic region 
14

.  

Though it is widely accepted that cell mediated responses are primarily 

responsible for protection to LF only recently has this been directly demonstrated.  

One study displayed the role of CD8+ cytotoxic lymphocytes in protection using 

predicted CTL epitopes to GPC to immunize mice against a lethal challenge of a 

recombinant vaccinia virus expressing LASV GPC 
50

.  Other studies using T cell 

clones derived from seropositive individuals, showed that seropositive individuals 

displayed strong CD4+ memory responses to LASV NP as evidenced by proliferation 

and IFN-γ production, directly implicating CD4+ T lymphocytes in protection from 

LASV infection in humans 
51

.    

LASV is capable of infecting cells that possess the surface receptor for α-DG, 

thus can infect most cells of the human body.  However, human T and B lymphocytes 

lack this functional receptor and thus are unable to be infected 
52, 53

.  Though CMI 

responses are necessary for viral clearance, these responses are lacking in patients 

with fatal cases of LF, so it must be a failure of the innate immune response to bridge 

the gap to the adaptive response.  This is seen in the ability of the virus to infect 
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antigen-presenting cells (APCs), specifically dendritic cells (DCs) and macrophages, 

without inducing APC activation.  In vitro experiments showed that LASV infection 

of human monocyte-derived DCs failed to activate these professional APCs.  This 

failure in activation results in the impairment of their ability to release 

proinflammatory cytokines and to present antigen to T cell 
33, 54, 55

.  These findings 

are in agreement with the fact that massive inflammatory and T-cell-derived cytokine 

release is not observed in fatal cases of LF in both humans and NHP 
56, 57

. 

In addition to the ability of LASV to prevent activation of professional APCs, 

it is also known that the NP protein of the virus has other immunosuppressive 

functions.  It was discovered recently that NP possessed the ability to act as a type I 

IFN antagonist, rendering infected cells unable to induce the type I IFN response 
58, 

59
.  NP was believed to prevent the type I IFN response by preventing the 

translocation of IFN regulatory factor 3 (IRF-3) to the nucleus.  During a typical viral 

infection the pattern recognition receptors (PPR) of double stranded RNA (dsRNA) 

such as retinoic acid-inducible gene I (RIG-I) are responsible for detecting 

cytoplasmic RNA and subsequent signaling instructs IRF-3 to translocate to the 

nucleus to begin IFN-α/β expression which initiates the antiviral response.  Recently 

the crystal structure of LASV NP was resolved which elucidated the mechanism by 

which NP was able to inhibit the type I IFN response.  The crystal structure revealed 

3’-5’ exoribonuclease activity on the C-terminus of the NP protein.  Initial works 

describing this exoribonuclease theorized that the function of NP in 

immunosuppression could be to eliminate viral RNA substrates that would serve to 

trigger PRR, thus initiating the type I IFN response 
60

.  Later efforts went on to 
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demonstrate that the exonuclease activity exhibited was specifically for dsRNA and 

that this activity of NP was directly associated with immune suppression by the virus 

61
.   

Despite all of we know about the host immune response to LASV, much in 

the way of a mechanism of protection against the virus remains unknown.  

Unfortunately, due to the nature of LASV, experiments that would prove most 

beneficial in the study of immunity to the virus are the hardest to come by.  As a 

biosafety level 4 (BSL-4) agent, LASV requires the highest level of biocontainment.  

There are limited facilities that can accommodate such studies and necessary 

experiments involving nonhuman primates add further financial and logistical 

complications.  Though the immune response to a LASV infection in rodents can be 

different than that in nonhuman primates, a rodent model could prove a useful tool in 

establishing correlates of protection in other animal models of LF to make better use 

of subsequent monkey studies by answering many of the basic questions in mice first. 

 

Vaccine efforts 

In addition to the large public health problem LF creates in West Africa, the 

threat of LASV as a bioterrorism agent provides an additional argument for the 

development of a vaccine.  Vaccine development efforts have included whole killed 

viral particles 
62

, DNA vaccines 
63

 as well as recombinant technologies using vaccinia 

64
 and VSV 

65
 platforms and VLP technology approaches 

66, 67
.  However, there has 

yet to be a licensed vaccine against LF due to failure to protect, sub-optimal efficacy 

or safety concerns.   
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 One of the first vaccine approaches was a killed vaccine using whole LASV 

inactivated by γ-irradiation.  These inactivated vaccines were found to induce high 

titers to both the NP and GPC in non-human primates as detected by IFA and ELISA.  

However, these antibodies were not neutralizing and upon challenge all animals died 

with serum viral titers similar to unvaccinated control animals 
62

.  The results from 

this study suggested that neutralizing antibodies were not generated early in response 

to the inactivated vaccine, thus did not correlate with viral clearance or protection 

against a lethal Lassa dose. 

 Recombinant technology has proved a highly desired means of presenting 

LASV antigens in a safer manner.  Some of the first efforts using genetic engineering 

included the use of the Lister strain of vaccinia virus for the delivery of the NP gene 

in a guinea pig model 
68

.  Animals immunized with the vaccinia-NP recombinant 

virus were protected against a 10
2
 plaque forming units (PFU) challenge of LASV 

69
.  

Recombinant strains expressing the LASV GPC were also put into the guinea pig 

model protecting against a LASV challenge.  More detailed studies using these 

recombinant vaccinia-vectored constructs showed that both NP and GPC may play a 

role in protection, due to differing survival rates of guinea pigs that were immunized 

with vaccinia carrying NP (94%), GPC (79%) or both (58%) 
70

.  More recent data 

employing a Venezuelan equine encephalitis (VEE) virus replicon particle (VRP) 

platform as a vehicle for delivery of LASV antigens showed that guinea pigs 

immunized with either VRP expressing GPC or NP were 100% protected against a 

LASV challenge and did not develop detectable viremia 
66

.  Other studies putting the 

recombinant strains into nonhuman primates yielded mixed results.  While the 
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vaccinia-NP strain was unable to protect nonhuman primates against a LASV 

challenge, the vaccinia-GPC strain displayed the first successful protection of 

nonhuman primate subjects to a LASV challenge 
64

.  A small initial study in rhesus 

monkeys showed that all four monkeys immunized with the vaccinia-GPC 

recombinant strain survived a challenge 10
4
 PFU of LASV, but all animals 

experienced clinical symptoms of disease. 

 Based on preliminary results of vaccinia-vectored LASV antigens in monkeys 

a larger study was conducted using different formulations of LASV antigens 

including NP, full glycoprotein (GPC or GP1 + GP2), single glycoproteins (GP1 or 

GP2) or the full S segment 
71

.  In contrast to guinea pig studies, GPC emerged as the 

main protective LASV antigen in the monkey trials while NP only protected 20% of 

vaccinated animals.  Animals vaccinated with the full S segment of LASV (GPC and 

NP) displayed a survival rate of 90%.   The conclusion of this study was that GPC is 

both necessary and sufficient for protection of nonhuman primates against a lethal 

LASV challenge, however it is important to note that in animals immunized with 

vaccinia virus expressing both GPC and NP, viremia was almost 1000-fold lower 

than in animals vaccinated with only GPC 
14

 suggesting an important role of NP in 

protection and therefore its potential inclusion in vaccine design.  Furthermore, prior 

observations regarding the lack of protection by antibodies was reinforced from these 

data, as monkeys immunized with the vaccinia-NP strain showed high titers of 

antibodies to NP which did not correlate to protection.  Despite the protection 

achievement, none of the protective vaccines provided sterilizing immunity as 

evidenced by observable viremia in a large percentage of surviving animals.   
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 Safety issues have raised concerns of using vaccinia as a vaccine vector, 

especially due to the danger in HIV patients and other immunocompromised 

individuals 
14

.  Another recombinant effort employed a vesicular stomatitis virus 

(VSV) vector for the delivery of the LASV GPC into a monkey model 
65

.  In these 

studies 4 cynomolgus macaques were immunized using the recombinant VSV-LASV-

GPC virus.  Results from this study showed that this VSV recombinant vaccine 

candidate was able to elicit both robust cell mediated immune responses and humoral 

responses.  Additionally, they were unable to detect any shedding of the recombinant 

virus from the four immunized animals post vaccination.  After challenge, viremia 

was detected at day 7 post challenge, but by day 10 the viremia had been cleared.  

This study verified previous findings showing that GPC is sufficient to protect against 

a lethal challenge with LASV, using a different, possibly safer carrier virus.  

 DNA vaccines are highly desirable due to their stability.  Most endemic areas 

to which a vaccine would need to travel are located in rural areas devoid of necessary 

facilities and equipment to store live viral vaccines.  However, DNA vaccines 

inherently produce a much weaker immune response as compared to an actively 

replicating virus, thus the probable need for multiple doses or boosts.  A study using a 

mouse model showed that a DNA plasmid encoding the full length NP gene was able 

to produce only CD8+ T cell responses which proved sufficient to protect immunized 

mice against a lethal challenge of related arenaviruses (LCMV and Pichinde) 
63

.  

However, previous data from guinea pigs have shown that NP is more protective in a 

rodent model 
69

 than a nonhuman primate model 
71

.  Further studies are required to 
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evaluate a DNA based vaccine in monkeys, along with the evaluation of the GPC to 

confirm these findings. 

From previous vaccine efforts we have learned a great deal of the 

immunology responsible for protection against LASV infection as well as 

identification of important antigens necessary to confer this protection.  NP proved to 

be a necessary immunogen within the context of the guinea pig model 
70

 in contrast to 

NHP models where GPC proved necessary and sufficient in protection.  However, 

recent work has shown that in LCMV NP-specific CTL may still play a significant 

role in early control of infection under low dose conditions, but these cells can be 

quickly exhausted in high dose infections 
72

 and that CTL responses to the L protein 

may also play a role in protection against an LCMV challenge 
73

.  Additionally, we 

have learned from these studies that neutralizing antibodies are not generated early on 

in infection, thus do not correlate with viral clearance or protection.  While the VSV-

LASV-GPC studies showed that immunized monkeys did have high titers of anti-NP 

antibodies, this and previous case studies in humans showed that generation of 

LASV-specific antibodies do not correlate with protection 
19, 22

.  What all of these 

vaccine studies do agree on is the fact that cell mediated immune responses, 

specifically CD8+ cytotoxic lymphocytes, are crucial for protection and viral 

clearance.  Furthermore, results derived from nonhuman primate models offers hope 

that a human vaccine capable of protecting individuals against LASV infections in a 

feasible goal. 
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Animal models 

Current animal models used in the study of immunology against LASV and 

vaccine development efforts pose two main problems to the field.  Since there is no 

approved treatement or vaccine against Lassa fever (LF) the virus is classified as a 

BSL-4 agent and requires highly stringent containment facilities for manipulation.  

Though available for many collaborative efforts, access to these facilities provides a 

logistical hurdle to overcome.  Alternatives to this approach have used surrogates as 

challenge agents such as LCMV in NHP 
74-76

 or recombinant viruses expressing 

LASV Ags in mice 
50

.  Currently available models of LF disease, along with other 

arenavirus caused hemorrhagic fevers are listed in Table 1. 

 

Reprinted by permission from RightsLink/Elsevier (License # 2785430747558): Gowen et al., 

Antiviral Research, Vol. 78, No. 1, April 2008 

 

Table 1 Animal models of disease for arenaviral HFs 

 

 

The second difficulty to overcome is the costly, yet necessary, use of more 

expensive models of LF disease, which include NHP and guinea pigs.  While guinea 

pigs offer a less expensive alternative to their NHP counterparts, they still are large 
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enough to cause logistical issues when numbers of animals get high, specifically in 

housing and maintenance costs.  As alluded to previously, NHP are extremely 

expensive to work with and studies involved in vaccine research typically require 

large numbers of animals.  In addition, these models of disease still require challenge 

protocols with LASV for the evaluation of vaccine candidates.  Many research efforts 

would be well served by a small animal model for preliminary immunogenicity 

studies to allow for initial evaluation of vaccine candidates and would facilitate the 

development process during which multiple rounds of modifications to the candidate 

may be required.  This would make better use of the eventual experiments conducted 

in the aforementioned models of disease.   

 As previously mentioned, the principal model for LASV is the Rhesus 

macaque.  LASV in these monkeys very closely resembles human disease and has 

therefore served as a vital model for vaccine trials and post exposure therapy.  The 

first study conducted in Rhesus macaques to establish their suitability as a LF model 

was conducted in 1980.  Animals were infected with LASV and experimental 

monkeys were also treated with ribavirin.  This study first established the use of 

Rhesus macaque as a suitable model of LF disease and showed ribavirin to be an 

effective therapy if administered early after infection 
77

.  Later studies showed that 

immunization with Mozambique virus, later to be renamed Mopeia virus, was non-

lethal and protective against a LASV infection 
78

.  Further studies have used Rhesus 

macaques to evaluate the efficacy of Lassa-immune plasma as a therapeutic 
48

, for 

vaccine trials of new candidates against LASV 
62, 64

 and pathogenesis of the virus 
79

. 
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 A more recently developed model of LF disease is that of the common 

marmoset.  Marmosets have been known to be infected by LCMV contracted from 

mice, which causes callitrichid hepatitis in these animals 
80-82

.  Later on marmosets 

were infected with LASV and found that disease mimicked that of humans 
83

, 

similarly to Rhesus macaques.  This model using common marmosets was eventually 

used to evaluate the ML29 reassortant virus as a vaccine candidate and found that 

immunized animals were completely protected against a lethal LASV challenge by 

the induction of sterilizing immunity.  These studies showed that ML29 was safe and 

induced a protective immune response against LF disease 
84

.  The much smaller size 

of these animals offers researchers and considerably less expensive venture as it 

relates to Rhesus macaques, however the full versatility of this model remains to as 

marmoset reagents are less common and cross-reactivity with human and other NHP 

species needs to be determined 
85

. 

 Guinea pigs offer a more economical animal model of LF disease, however 

they pose their own challenges.  Inbred strain 13 guinea pigs are the strain of choice 

as they are reproducibly susceptible to a lethal LASV challenge 
86

, in contrast to 

Hartley guinea pigs which are significantly less susceptible (<30% mortality).  While 

strain 13 guinea pigs provide a useful model of disease 
48, 66, 69, 87-89

 they are not easily 

accessible.  As with marmosets, reagents are also not as readily available, thus 

limiting their versatility.  Guinea pigs have also been used in conjunction with 

Pichinde virus to model arenavirus hemorrhagic fever disease 
90, 91

. 

One small animal model of disease for LASV in hamsters has previously been 

described.  The hamster model uses either the Pirital virus 
92, 93

 or the Pichinde 
94

 as a 
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challenge agent, both of which are members of the New World arenavirus group.  In 

both cases, virus causes a lethal hemorrhagic-like disease characterized by pulmonary 

hemorrhage and edema, high viremia and hepatic injury, and as such has provided a 

valuable tool for the purpose of studying arenavirus pathogenesis and investigational 

treatments.  The downfall of the hamster model is that in the context of 

immunological research there are relatively less resources and reagents available for 

hamsters than there are for mice.   

All of the available animal models for LF disease share in common at least 

one of the following drawbacks: they are costly, need for BSL-4 facilities for LASV 

experiments or lack of commercially available reagents for less common species.  

Any one of these hurdles creates a significant problem when designing experiments 

necessitating large groups of animals, kinetic analysis or repeating multiple times.  

For this reason a small animal model in mice would address all of these problems.  

The small size and commercial availability of mice would allow for a more cost 

efficient and accessible model for preliminary immunogenicity or efficacy studies of 

vaccine candidates.  The fact that the mouse has been a staple in the research world 

for years guarantees the availability of a diverse set of reagents and tools.  Finally the 

use of ML29 allows researchers to conduct such experiments in BSL-3 level 

containment facilities, which are more prevalent than the more tightly regulated BSL-

4 facilities.   

Of course, a mouse model poses its own complications.  Specifically that 

rodents are typically the reservoir of arenaviruses, thus their immune response to the 

viruses is markedly different than in humans or the previously described animal 
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models.  As such, arenaviral infections are generally non-clinical, either acute or 

chronic, and do not mimic human disease.  Arenaviruses like LASV and LCMV can 

be lethal depending on many factors such as age of mouse, strain of mouse, strain of 

virus, and more importantly route of inoculation.  As previously discussed for 

LCMV, an i.c. inoculation typically results in death of the animal due to an acute 

leptomeningitis 
8
 mediated by immunopathology in the brain.   However, as is the 

case in humans and other animal models of LF disease, protection is almost entirely 

associated with CMI responses, predominantly CTL responses.  This fact alone 

makes the mouse model a suitable immunological tool for the evaluation of protective 

efficacy of potential vaccine candidates against a lethal i.c. challenge with ML29.  

Furthermore, ML29 is an excellent agent for the evaluation of the protective 

mechanism against a lethal challenge as it encodes the main antigenic determinants of 

LASV in its S genomic segment.  This provides a more genotypically relevant 

challenge agent to test protective efficacy of vaccine candidates than models that 

employ more distantly related arenaviruses of the New World group such as Pichinde 

or Pirital viruses. 

Reassortant virus Mopeia/Lassa clone 29 (ML29) 

Mopeia virus (MOPV) and LASV are two closely related arenaviruses that 

belong to the group of old world arenaviruses.  MOPV was first discovered in 1977 in 

Mozambique 
95

 and is also carried by the multimammate rat, Mastomys natalensis, 

throughout Sub-Saharan Africa 
96

.  Mopeia is believed to be non-pathogenic to 

humans and has proved to be non-lethal in guinea pigs and monkeys 
95, 97, 98

 and in 

these models proves to be protective against a LASV challenge 
78

.  However, due to 



 

 26 

 

its close relationship to LASV it is categorized as a BSL-3 agent in the United States 

as a precautionary measure, while in some European countries it is considered a BSL-

2 agent.  Mopeia appears to be a naturally attenuated relative to LASV with the 

potential to be used as a vaccine; however safety concerns from the scientific 

community and limited information in nonhuman primates make this unlikely. 

 Though natural reassortants of arenaviruses have not been studied, there exist 

many examples of unrelated virus families reassorting in the wild, such as 

Bunyaviruses 
99-102

 and influenza viruses 
103

.  MOPV/LASV Clone 29, or ML29, is a 

reassortant virus generated from the coinfection of LASV and MOPV in Vero cells.  

ML29 is made up of the L segment from MOPV (replication machinery) and the S 

segment of LASV (antigenic determinants).  This reassortant virus’ genomic make up 

was determined by dot-blot hybridization using cDNA probes from the LASV S 

segment and the MOPV L segment.  The phenotype of the virus displayed small 

plaque morphology, resembling MOPV, while being less pathogenic to suckling 

mice, which resembles a LASV phenotype 
104

.  It should be noted that the ML29 

genome is not identical to the L and S RNA segments from the parental viruses and 

contains 18 nucleotide mutations additionally contributing to the attenuated 

phenotype 
87, 105, 106

.  Of the described mutations, 12 are located on the L segment 

from the parental MOPV-AN20410 and of those 12, three result in non-conservative 

amino acid substitutions within the coding region of the L protein.  The remaining 6 

nucleotide mutations are found on the S segment from the parental LASV-Josiah of 

which three result in non-conservative amino acid substitutions within the coding 

regions of GPC and NP.  The first of these is a non-conservative amino acid changes 
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located on the amino-terminal end of the GP2 between the GPC cleavage site and the 

putative GP2 fusion peptide.  The second non-conservative substitution is located on 

the carboxyl-terminal region of NP.  The final change is a homologous amino acid 

substitution located within the central region of NP.  It is known from previous 

studies involving reassortants of LCMV and Pichinde virus strains that virulence of 

pathogenic strains is associated with the L segment.  In the case of ML29, it is 

believed that the observed attenuated phenotype of ML29 in vitro and in vivo is most 

likely associated with the MOVP L segment.  However, this attenuated phenotype is 

even more so than MOPV and for this reason it is believed that the identified 

mutations are further contributing to the attenuated phenotype of ML29.   

 Reassortant technology has been used previously in viruses of segmented 

genomes, such as in the case of FluMist® 
107

 and RotaTeq® 
108

 to develop FDA 

licensed vaccines.  ML29 was initially believed to be an ideal live attenuated vaccine 

against LF.   It was put into multiple animal models, including mice, guinea pigs and 

nonhuman primates, both rhesus macaques and the common marmoset.  In mice, 

adoptive transfer of ML29 immune splenocytes displayed protective capabilities 

against a lethal challenge of LASV and this protection was dose dependent on 

immune splenocytes 
87

.  In guinea pigs, a single subcutaneous dose of ML29 was 

100% protective against a lethal LASV challenge.  Furthermore, guinea pigs 

displayed no signs of disease, liver enzyme abnormalities or tissue lesions for a time 

of 70 days after challenge 
87

.  More recent studies have shown that ML29 was able to 

protect guinea pigs against distantly-related strains of LASV 
88

.  Rhesus macaques 

were immunized with ML29 and LASV-specific immune responses were tracked for 
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28 days.  Neither animal developed a febrile illness or any other clinical 

manifestation.   All measured chemical parameters were within normal ranges and no 

gross abnormalities, nor tissue lesions, were observed at the time of necropsy.  

ELISPOT assays for IFN-γ displayed elevated antigen-specific responses in both of 

these animals in both peripheral blood mononuclear cells (PBMC) and splenocytes.  

Finally, no virus was recovered from any tissue other than spleen, while viremia was 

detected at 21 days at the latest 
87

.  Taken together these data suggest ML29 in rhesus 

macaques is responsible for a short, self-limiting infection capable of eliciting virus-

specific responses 
87

.  A single injection of ML29 reassortant induced low, transient 

viremia and low or moderate levels of ML29 replication in tissues of common 

marmosets depending on the dose of the immunization. The ML29 vaccination 

completely protected marmosets against fatal disease by induction of sterilizing cell 

mediated immunity 
84

. 

Unfortunately, due to its close genomic relationship with MOPV and LASV, 

ML29’s designation as a BSL-3 makes it an unlikely vaccine candidate for trials in 

humans unless more studies can be done to further validate its apparent safety profile.  

However, having a BSL-3 agent classification makes ML29 a viable candidate to 

replace LASV as a challenge agent in a murine model allowing much needed 

immunogenicity and efficacy trials of vaccine candidates to be conducted outside of 

highly stringent BSL-4 conditions.  Furthermore, unlike previous strategies using 

pseudotyped viruses expressing distinct LASV antigens on their surface 
64, 65, 71

 our 

ML29 is the ideal agent for these studies.  As a reassortant virus between LASV and 

the closely related MOPV, ML29 is a live attenuated arenavirus, which can more 
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closely mimic its parental viruses in terms of infection and replication strategy.  As 

such we can more confidently study the immune response elicited by an agent that is 

as close to LASV as we can conceivably get outside of a BSL-4 environment, 

encoding wild type GPC and NP from LASV Josiah strain with the exception of 

previously noted mutations.  Despite a murine model not being an appropriate model 

of LF disease, it would prove a useful tool for preliminary evaluation of cellular 

immune responses to make better use of nonhuman primate resources in subsequent 

studies in a disease model. 

Lymphocytic choriomeningitis virus mouse model 

Lymphocytic choriomeningitis virus (LCMV) is considered the prototypical 

arenavirus.  It is a member of the Old World group of arenaviruses and as such is 

closely related to LASV.  In addition to providing much of our current understanding 

of arenaviruses, the murine model of LCMV has contributed significantly to our 

knowledge of viral immunobiology and immunopathology.  It has also proven to be 

the gold standard in the study of acute and persistent viral infections as well as in 

studies of cell mediated immunity 
8
.   

Like LASV, LCMV is maintained in a rodent reservoir.  These rodents carry 

life-long persistent infections with no symptoms of disease.  The virus is maintained 

in the rodent population via congenital transmission from mother to offspring.  This 

congenital transmission has been recreated in the lab displaying that vertical 

transmission creates the asymptomatic, carrier state in mice 
109

.  Likewise, it is known 

that the multimammate rat carrier of LASV also exhibits a persistent infection with 

no observable disease.  However, as with many arenaviruses, an i.c. inoculation of 
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adult naïve mice with LCMV or LASV is able to induce acute, lethal leptomeningitis 

8
.  Whereas the meningitis observed in LCMV i.c. infected mice more closely 

resembles the encephalitis that occurs in human disease, LF is usually not dominated 

by neurological disease.  However, the similar behavior exhibited by LASV to 

LCMV in the mouse model allow us the luxury of using this model to study the 

mechanism of protection against LF in much the same way it has been used to study 

immune responses elicited to LCMV.   

LCMV and LASV share many other biological similarities.  Both viruses are 

poorly cytopathic, both establish persistent infections in their respective rodent host 

and both viruses are capable of inducing only low titers of neutralizing antibodies 

long after infection 
110

.  Studies conducted in LCMV infected mice have conclusively 

shown that clearance of virus and protection from disease is primarily based on rapid 

and robust CTL responses 
111-113

, as animals lacked neutralizing antibodies during an 

acute infection 
114

.  Due to the failure of mice to produce neutralizing antibodies early 

on after infection and the data demonstrating beta-2-microglobulin knockout mice, 

which lack functional CD8+ T cells, were unable to clear virus efficiently 
115, 116

, we 

know that cell mediated responses over humoral responses are necessary for 

prevention of disease and viral clearance.  This observation was also seen in 

splenocyte transfer experiments with LCMV and the New World arenavirus Pichinde, 

which showed that splenocytes from LCMV immunized mice transferred into mice 

previously infected with LCMV and Pichinde virus were able to lower spleen titers of 

LCMV but no Pichinde 
117

.  From these studies they concluded that viral clearance 

was mediated by direct cytotoxicity.  LF vaccinology studies performed in animals 
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arrived at similar conclusions, observing that immunized animals failed to produce 

neutralizing antibodies during acute infections and that protection from a lethal 

LASV challenge was primarily due to cell mediated responses like LCMV. 

Much of the previous work in the LCMV model aimed at identifying 

immunogenic epitopes of LCMV antigens has focused on GPC and NP, but not L and 

Z due to the fact that L is expressed at low levels 
118, 119

 and the small size of the Z 

protein.  In this body of work it has been shown that after an acute infection in mice 

with LCMV Armstrong strain a large portion of the CD8+ response is directed at two 

main epitopes, one from GPC and one from NP, as well as to other less immunogenic 

epitopes on these two viral proteins 
120, 121

.  However, recent data shows that 

following an acute LCMV infection known epitopes from GPC and NP only account 

for 80% of the CD8+ response 
122

, which has led to further analysis of the remainder 

of the LCMV genome by epitope identifying algorithms to find previously 

unrecognized CTL epitopes.  Recently new epitopes have been identified within the L 

protein of LCMV in H-2
b
 mice 

73
 as well as to the Z protein of LCMV in a human 

HLA-A2.1 transgenic mice 
123

 showing that  the CTL response to LCMV is more 

complex than originally thought.   Despite these new epitopes, the fact remains that a 

large proportion of virus-specific CTL responses are mounted to the GPC and NP, 

thus our proposed model will focus on these two antigens initially.   

The close relationship between LCMV and LASV, as well as the similar 

behavior of the two viruses in mice suggests that a murine model is an appropriate 

platform for the evaluation of protective immunity in a LASV-like infection.  LCMV 

has provided a wealth of knowledge in the field of cell mediated immunity, but to 
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better understand the immunity necessary to protect against LF we must develop a 

model using LASV-specific antigens.  We hypothesize that CMI responses in mice 

induced by ML29 will provide suitable correlates of protection against a lethal 

LASV-like challenge. 
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Chapter 2: Development and Characterization of CBA/J mouse 

model 
 

Introduction 

 A vaccine against LASV is the most feasible method of disease control.  

Many different vaccine platforms have been developed over the years yet none have 

ever made it into human subjects for a number of different reasons.  However, 

research efforts to develop a safe and effective vaccine are hampered by both the need 

to conduct efficacy trials with LASV challenge protocols in BSL-4 containment 

facilities and the high price tag of using NHP for conducting immunogenicity trials 

with potential vaccine candidates.  In order to facilitate initial vetting and speed up 

vaccine research efforts a more economical and accessible animal model would 

provide rapid preliminary evaluation of vaccine candidates to assist in the production 

stage of the development process.  Results from such assays would allow for 

necessary modifications to be made in the laboratory to enhance vaccine candidates 

with a quicker turnaround time.   Despite the different immune responses to 

arenaviruses in rodents and humans or NHP, both types of hosts depend primarily on 

CMI responses for protection against a lethal challenge.  Previous data from our 

laboratory has shown that these CMI responses can be evaluated in a mouse model.  

Therefore, we hypothesis a CBA/J mouse model will provide a suitable model for the 

evaluation of immunogenicity and efficacy of potential vaccine candidates against 

LASV. The goal of this work was to evaluate the immune response elicited by the 

reassortant virus ML29 and to identify correlates of protection against a lethal 
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homologous challenge that will allow for the evaluation of heterologous vaccine 

candidates. 

Materials and Methods 

Virus and cell lines 

 

ML29 reassortant virus isolation and molecular characterization has been previously 

described 
104

.  Virus was propagated in Vero E6 cells (ATCC, CRL-1586), cultured in 

Minimum Essential Medium (MEM, GIBCO) with 2% fetal bovine serum (FBS), 1% 

penicillin-streptomycin and L-glutamine (2mM) at 37˚C in 5% CO2 incubator by 

using a multiplicity of infection (MOI) of 0.01.  Supernatants were collected at 72 

hours post-infection, titrated on Vero E6 cells and virus stocks (1 x 10
7
 PFU/ml) were 

stored at -70˚C.   

Animal immunizations 

 

CBA/J strain mice were purchased from Harlan® Laboratories (Indianapolis, IN) for 

all studies.   Immunizations were conducted via intraperitoneal injection without the 

use of anesthesia.  For ML29 immunogenicity studies, mice were immunized with 1 x 

10
3 

PFU of ML29 i.p. in 100 µl of MEM media.  For immunization with Yellow 

Fever recombinant viruses, similarly 1 x 10
3 

PFU of virus in 100 µl of MEM media 

were injected i.p. into mice.  For studies involving virus-like particle vectors (VLPV) 

containing Lassa virus GPC, a prime-boost immunization protocol was employed on 

day 0 and day 14 with 1 x 10
7
 IU.     
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Splenocyte isolation and processing 

 

Immune cells necessary for assessment of cell mediated immune (CMI) responses 

were isolated from spleens of immunized mice at various time points after 

immunization.  Spleens were isolated from euthanized mice in complete RPMI media 

containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin and passed 

through 70 um cell strainer (BD Falcon, Cat. no. 352350).  Red cells were lysed using 

ACK lysis buffer (Quality Biologicals, Inc. Cat. no. 118-156-101).  Erythrocyte-free 

splenocytes were subsequently used for ELISPOT, intracellular cytokine staining and 

splenocyte transfer/challenge studies as either whole splenocytes or depleted for T 

cell populations using MACS® magnetic bead technology (CD4: MACS® Cat. no. 

130-049-201; CD8: MACS® Cat. no. 130-049-401). 

ML29 enzyme-linked immunosorbent assay (ELISA) 

 

To evaluate the humoral response to ML29 antigens by a given immunization, IgG 

antibody (Abs) titers were determined by ELISA.  96-well round-bottomed microtiter 

plates were coated for 3 hours at 37˚C with 5 x 10
5
 PFU/well of concentrated stock of 

sonicated ML29 (3 x 10
8
 PFU/ml in carbonate–bicarbonate buffer [Sigma, C3041]) in 

100 µl of buffer.  Coating buffer was discarded and plates were washed with PBS-

0.05% Tween.  Wells were blocked with 250 µl of blocking solution consisting of 1x 

PBS with 10% non-fat dry milk (NFDM) at 4˚C overnight.  Blocking solution was 

discarded and plates were washed with PBS-Tween (0.05%).  Mouse plasma samples 

were first diluted in PBS-Tween (0.05%) with 10% NFDM, added in duplicate to 

plates and serially diluted 1:2 times with a blank control for each sample.  Plates were 

covered and incubated for 1 hour at 37˚C.  Supernatants were discarded and plates 
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were washed with PBS-Tween (0.05%).  100 µl of goat anti-mouse IgG (Sigma, 

A4416) in PBS-Tween solution was added to each well and incubated for 1 hour at 

37˚C.  Supernatants were discarded and plates were washed with PBS-Tween 

(0.05%) and added 100 µl of TMB substrate (KPL, 52-00-01) to all wells.  Plates 

were incubated for 15 minutes at RT on a lab rotator.  Color development was 

stopped by adding 100 µl of Stop Solution (KPL, 50-85-04) to all wells and 

absorbances were read at A450. 

Interferon-γ ELISPOT assay 

 

Mouse interferon-γ (IFN-γ) ELISPOT assay (MABTECH AB, Sweden) was 

performed according to manufacturer’s protocol.  Briefly, erythrocyte-free 

splenocytes were processed as described previously and washed twice in complete 

RPMI media and resuspended at 6 x 10
6 

cells/ml.  100 µl of cell suspensions were 

added to 96-well filter plate (Millipore, MSIPS4510) precoated with anti-mouse 

monoclonal IFN-γ Abs in triplicate at dilutions of 3 x 10
5 

cells/well or 1.5 x 10
5
 

cells/well.  Cells were stimulated overnight at 37˚C with cocktail of 10 µM GPC 21-

mer peptides from library of whole LASV-Josiah GPC (MIMOTOPES, Australia) 

determined to be immunodominant for the CBA/J mouse H-2 background as 

previously described 
124

.  After stimulation, cells were washed away using 1x PBS 

and biotinylated anti-mouse IFN-γ antibody (Ab) was added and plates were 

incubated for 2 hours at room temperature (RT).  Plates were washed with 1x PBS 

with 0.05% Tween and incubated for 2 hours at RT with streptavidin-Horseradish 

Peroxidase.  Spot forming cells (SFC) were developed with TMB substrate 

(MABTECH AB, Sweden) for 20 minutes at RT and development was stopped by 
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rinsing plates with tap water.  SFC were counted using C.T.L. Ltd. Immunospot® S5 

Micro-analyzer and counted using Immunospot® V 4.0 software.  

Epitope mapping for LASV-Josiah GPC 

 

An overlapping peptide library of 21-mers spanning the full-length open reading from 

of the Josiah strain of LASV was synthesized with an 8 amino acid overlap for 

adjacent peptides (MIMOTOPES, Australia).  For optimization of Ag-stimuli to be 

used in downstream immunological assays small groups of 4-5 adjacent peptides 

were pooled and used as Ag-specific stimuli in IFN-γ ELISPOT assays, previously 

described.  IFN-γ positive pools were subsequently further divided into individual 

peptides to map the immunodominant regions of the LASV-Josiah GPC for the H-2 

background of the CBA/J mouse.  Immunodominant peptides were pooled and used 

as GPC-specific stimuli for all immunological assays.  

Flow cytometry and intracellular cytokine staining 

 

Splenocytes were collected from immunized mice and processed as described above.  

For intracellular cytokine staining, 1 x 10
6 

cells per sample were stimulated for 12 

hours at 37˚C with 10 µM of optimized GPC peptide cocktail (MIMOTOPES, 

Australia).  Cells were washed with PBS and surface staining was performed using 

the following markers: CD3 (eBioscience, Cat. no. 45-0031, clone 145-2C11, PerCP-

Cy5.5) and CD4 (eBioscience, Cat. no. 17-0042, clone RM4-5, APC) or CD3 and 

CD8 (eBioscience, Cat. no. 17-0081, clone 53-6.7, APC).  Cells were then washed 

with PBS, fixed/permeabilized using Cytofix/Cytoperm™ Plus kit (BD Bioscience, 

Cat. no. 555028) and stained for IFN-γ (eBioscience, Cat. no. 12-7311, clone 
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XMG1.2, PE) and TNF-α (eBioscience, Cat. no. 11-7321, clone MP6-XT22, FITC).  

After stimulation cells were washed with PBS and stained for surface markers CD3 

and CD8 (eBioscience, Cat. no. 17-0081, clone 53-6.7, APC).  Stained cells were 

analyzed by FACScalibur (BD Bioscience, San Diego, CA) and flow cytometry data 

were analyzed with FlowJo software (Tree Star, San Carlos, CA). 

In vivo CTL assay 

 

Splenocytes from naive mice were harvested and processed as previously described.  

Splenocytes were stained with either 0.5 µM CFSE (Molecular Probes, Eugene, OR) 

or 2.5 µM of Cell Tracker
TM

 Far Red (Molecular Probes, Eugene OR) for 15 minutes 

at 37˚C.  CFSE stained splenocytes were subsequently labeled with 10 µM of 

previously described immunodominant GPC peptide cocktail 
124

 for 1 hour at 37˚C.  

Splenocytes from each of the peptide-pulsed CFSE stained population and the non-

pulsed Cell Tracker
TM

 Far Red stained population (5 x 10
6 

cells each) were 

transferred intravenously (i.v.) into mice that were previously immunized with ML29 

(infected) or naïve (uninfected).  At 6 hours after transfer recipient splenocytes from 

recipient mice were harvested and processed and then analyzed by FACScalibur flow 

cytometer (BD Bioscience, San Diego, CA) and flow cytometry data were analyzed 

with FlowJo software (Tree Star, San Carlos, CA).   Transferred target populations of 

cells were distinguished from one another based on CFSE and Cell Tracker
TM 

Far Red 

staining and peptide-pulsed CFSE numbers were compared to non-pulsed control 

targets.  Percent specific lysis was calculated as:  100 – ([(# peptide pulsed in 

infected/# unpulsed in infected)/(# peptide pulsed in uninfected/# unpulsed in 
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uninfected)] x 100)
125

.  n = 5 per time point.  Only samples from recipient mice where 

a minimum of 5,000 CFSE positive events were collected were used for data analysis. 

 

Splenocyte transfer protocol 

 

For splenocyte transfer studies, mice were immunized i.p. with 1 x 10
3
 PFU of ML29 

at specified times prior to challenge assay.  At designated time points after 

immunization, mice were euthanized and spleens from all mice within groups were 

processed and pooled together. Recipient mice were sedated and challenged with 1 x 

10
3 

PFU of ML29 in 50 µl of MEM media i.c. at time 0. Two hours after challenge, 

recipient mice received 3.0 x 10
7
 splenocytes intravenously (i.v.) from immunized 

donors.  For splenocyte transfer studies evaluating the protective role of different T 

cell populations from ML29 immunized donors, fractions of splenocytes from ML29 

immunized mice were depleted of either CD4+ T cells or CD8+ T cells using  

magnetic bead technology (CD4: MACS® Cat. no. 130-049-201; CD8: MACS® Cat. 

no. 130-049-401).  Recipient mice were sedated and challenged with 1 x 10
3 

PFU of 

ML29 in 50 µl of MEM media i.c. at time 0.  At 2 hours post-challenge, recipient 

mice received 3 x 10
7
 splenocytes i.v. from either conditioned media inoculated mice, 

whole splenocytes from ML29 immunized mice, CD8-depleted ML29 splenocytes or 

CD4-depleted ML29 splenocytes.  Mice were monitored for lethality for 21 days 

post-challenge. 
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ML29 challenge protocol 

 

Mice were sedated with ketamine (80 mg/Kg) and xylazine (5 mg/Kg) i.p. prior to 

procedure.  Once sedated, mice were injected with 1 x 10
3
 PFU of ML29 in 50 ul of 

filtered MEM media intracerebrally.  Mice were monitored for 21 days post-challenge 

for lethality. 

Data analysis 

All data were analyzed using the GraphPad Prism Version 5.01.  Survival curves 

were evaluated by Mantel-Cox log-rank test.  Data from immunological assays were 

compared with naïve control group with a p-value <0.05 indicating statistical 

significance.  p-values indicated where relevant. 

Results 

CBA/J mouse strain susceptible to lethal ML29 challenge 

 The proposed model employs the reassortant virus ML29 as a surrogate for 

LASV in challenge studies affording researchers the added benefit of circumventing 

the need of BSL-4 level containment facilities.  In order to select an appropriate 

mouse strain to be used in this animal model we first had to identify a strain that 

would prove to be susceptible to a lethal intracerebral (i.c.) challenge with ML29.  In 

previous studies, inbred mice from the CBA and C3H backgrounds proved to have 

high susceptibility to a lethal i.c. challenge with LASV, MOPV and M/L reassortant 

viruses
104, 126

.  For this reason we challenged commercially available mice from these 

the CBA and C3H background.  Using a dose determined from earlier studies using 

LASV, 1 x 10
3
 pfu of ML29 were used to challenge 4-6 week old female mice from 
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strains CBA/J (Harlan® Laboratories), CBA/CaJ (The Jackson Laboratory) and 

C3H/HeSnJ (The Jackson Laboratory).  After challenge mice were monitored for 

approximately 2 weeks for susceptibility to the ML29 challenge.  After the evaluation 

of these three strains, the CBA/J strain of mouse was determined to have the highest 

susceptibility to a lethal ML29 challenge (Figure 3.1) 

 
 

Figure 3.1 Mouse strain susceptibility to an i.c. challenge with ML29. 
Groups of 5 mice were anesthetized and challenged i.c. with 1 x 10

3
 pfu of ML29.   Animals were 

monitored for 15 days for lethality and clinical symptoms of disease.  All mice surviving challenge 

protocol were euthanized at the end of the study period.     

 

 Despite a less than 100% mortality rate during initial strain evaluation, 

subsequent experiments and further optimization of the CBA/J model and the ML29 

challenge protocol result in a reproducible result of 100% lethality in all naïve and 

unvaccinated, challenged mice.   

Route dependent outcome of ML29 inoculation 

 We determined that the CBA/J mouse strain was susceptible to an i.c. 

challenge with ML29, and this finding was reproducible.  To verify the outcome of a 

peripheral inoculation via the i.p. route groups of n = 5 CBA/J mice were 
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administered 1000 PFU of ML29 and monitored for lethality.  As a control group, 

mice were inoculated i.c. with the same ML29 dose.  As is the case with LCMV, 

ML29 also elicited a route dependent response to the ML29 virus as evidenced by 

100% survival of the i.p. injected mice and 100% lethality of i.c. injected mice 

(Figure 3.2).  In order to confirm that the non-lethal peripheral inoculation was 

capable of eliciting an immune response capable of protecting mice against a lethal 

i.c. challenge first immunized mice with ML29 i.p. and challenged them directly i.c. 

14 days later.  As expected, all immunized animals survived the challenge protocol.  

This implied that a single i.p. immunization with ML29 is capable of inducing a 

protective immunce response that we could evaluate both quantitatively and 

qualitatively. 

0 5 10 15 20
0

50

100

I.C.

I.P.

I.P.-->I.C.

Days after challenge

P
e
r
c
e
n

t 
su

r
v
iv

a
l

 
 

Figure 3.2 Route dependent outcome of an ML29 inoculation. 
Female CBA/J mice (4-6 wks) were injected with 1000 pfu of ML29 via i.p. or i.c. route and observed 

for 21 days.  Additional group was immunized with ML29 i.p. followed by an i.c. challenge 14 days 

later and animals were monitored for survival.  n = 5. 
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Determination of LD50 and PD50 

Having identified a suitable mouse strain for the development of the ML29 

challenge mouse model, we proceeded to determine the lethal dose 50% (LD50) of 

the ML29 virus in our mouse strain.  As the ML29 virus will be used both as a 

challenge agent and as a vaccination with which to evaluate immunogenicity we also 

aimed to determine the protective dose 50% (PD50) in order to optimize both our 

immunization and challenge protocols.   

To determine the LD50 of ML29 in the CBA/J mice virus dose was titrated 

from 10
0
 (1) pfu through 10

6
 pfu.  4-6 week old CBA/J female mice were inoculated 

with the designated dose of ML29 i.c. in a volume of 50 ul of conditioned MEM 

media.  From the titration of the challenge dose, mice receiving a dose as low as 10
2
 

pfu of ML29 were 100% susceptible (Figure 3.3).  Though not 100% lethal, there was 

still an observable level of lethality in both the 10
0 

and the 10
1
 groups.  Using the 

Reed-Muench method the LD50 for ML29 is 1.7 pfu of ML29 via the i.c. route, 

displaying high sensitivity of the virus as a challenge agent. 
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Figure 3.3 Determination of LD50 of ML29 via i.c. injection. 
4-6 week old female CBA/J mice received a dose of ML29 ranging from 1 pfu to 10

6
 pfu.  Control 

mice received an equivalent volume of filtered MEM media.  Mice were monitored for 14 days post-

challenge.  n = 4.  p-value <0.001 by Mantel-Cox log-rank test. 

 

 Using a similar approach, the PD50 was determined for ML29.  ML29 

immunization dose was titrated ranging from 10
0
 (1) pfu to 10

4
 pfu and delivered i.p. 

to subject mice on day 0.  Negative control mice received equivalent volumes of 

conditioned MEM media. On day 14 after immunization all mice were challenged 

with 10
3 

pfu of ML29 i.c. as previously described and monitored for two weeks after 

the challenge protocol for survival.  What was observed in these groups of immunized 

animals was that similar to the LD50 results, a dose as low as 10
2 

was sufficient to 

induce 100% protection against a lethal homologous i.c. challenge (Figure 3.4).  

Similarly, 1-10 pfu, though not 100% protective, was still sufficient to observe some 

level of protection.  Once again using the Reed-Muench method the PD50 for ML29 

is 1.47 pfu of ML29 via the i.p. route, displaying high sensitivity of the virus as an 

immunizing agent in the CBA/J mouse model. 
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Figure 3.4 Determination of PD50 of ML29 via i.p. injection. 
4-6 week old female CBA/J mice received a dose of ML29 ranging from 1 pfu to 10

4
 pfu.  Control 

mice received an equivalent volume of conditioned MEM media.  Mice were challenged with 10
3
 pfu 

of ML29 i.c. 14 days after immunization and monitored for 14 days post-challenge.  n = 4.  p-value 

<0.001 by Mantel-Cox log-rank test. 

 

 With an LD50 and PD50 determined for ML29, we decided to maintain a dose 

of 10
3 

pfu of ML29 for both immunization and challenge protocols moving forward.  

This dose would ensure 100% lethality in unprotected challenged mice and guarantee 

a protective dose capable of inducing a measurable immune response.   

 

ML29 immunization yields higher numbers of CD8 T cells 

 Initial experiments aimed at quantifying global numbers of immune cell 

populations in order to detect any differences in splenic T cells among immunized 

and control mice.  These early studies focused on CD8 T cells and their ex-vivo 

effector function.  Mice were immunized with ML29 and mice were sacrificed on 

days 7, 14, 21 and 28 after immunization.  Splenocytes were quantified for CD8 T 

cells and evaluated for activation (CD11b) status and effector function (GranB or 

CD95L).  Upon data analysis, it was observed that by 14 days after immunization 
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with ML29 an observed increase of splenic CD3+CD8+ T cells was observed which 

lasted through day 28 (Figure 3.5.A).   CD11b, or Mac-1 is a member of the β2-

integrin family of adhesion molecules, which include LFA-1 (CD11a), and p150,95 

(CD11c) 
127

.  CD11b is expressed on monocytes, neutrophils, peritoneal B-1 cells, 

CD8+ DCs, NK cells and a subset of CD8+ T cells 
128-133

 and is involved in adhesion, 

phagocytosis and extravasation.   It has been described as a useful marker of recent 

activation specifically for mouse CD8 T cells 
130, 134, 135

.  Among the splenic CD8 T 

cell population a marked increase in activated CD8 T cells was seen at all evaluated 

time points in ML29 immunized mice as compared to media (MEM) inoculated mice 

(Figure 3.5.B).  Results from GranB and Fas ligand (CD95L) staining were not 

conclusive and more sensitive effector function assays were conducted later. 
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Figure 3.5 Evaluation of CD8 T cell responses after ML29 immunization. 
CBA/J mice were immunized with ML29 (1000 pfu) and at designated times after immunization mice 

were sacrificed and splenocytes were collected.  (A) Splenocytes were stained with Abs to CD3 and 

CD8 and evaluated by flow cytometry.  Phenotype of CD3+CD8+ T cells was further evaluated for (B) 

activation status via CD11b staining, (C) effector status via Granzyme B (GranB) staining and (D) 

CD95L staining.   

ML29 poor inducer of virus-specific IgG antibodies 

 

In CBA/J mice, a single i.c. inoculation of ML29 results in death of 100% of 

mice, while an i.p. administration of ML29 results in survival of all mice with no 

adverse effects and protection against a lethal i.c. challenge confirming previously 

published results 
87, 104

.  To determine the mechanism of protection in this model we 

aimed to evaluate humoral and cell mediated immune (CMI) responses.  For the 

evaluation ML29-specific humoral responses, CBA/J mice (n = 5) were immunized 

i.p. with 1000 PFU of ML29 or with an equivalent volume of conditioned media from 

mock-infected Vero cells.  Mice were subsequently challenged with ML29 i.c. at day 
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14 after immunization and IgG titers were monitored every week for 21 days after 

challenge.  Plasma samples were collected from mice at designated time points after 

immunization and challenge and ML29-specific IgG titers were determined by 

ELISA.  Mice immunized with a single dose of ML29 did not induce significant 

antibody responses as detected by IgG ELISA (Figure 3.6).  Virus-specific IgG titers 

in ML29 immunized mice did not significantly differ from media immunized control 

mice and remained low after immunization and after a homologous i.c. challenge.  All 

ML29 immunized mice survived the challenge protocol while media immunized mice 

succumbed to the lethal challenge by day 11 after challenge.  Virus-specific titers in 

ML29 immunized animals never exceeded 120.  As a positive control for humoral 

responses, a group of mice were immunized with an alphavirus-vectored vaccine 

expressing LASV-GPC 
66

.  This vaccine candidate employed novel virus-like particle 

technology, termed virus-like particle vector (VLPV) to deliver the LASV-GPC via a 

replication incompetent vector.   Mice receiving the VLPV-GPC were primed and 

boosted with 1 x 10
7 

IU of VLPV on day 0 and day 7 and challenged 14 days later.  In 

stark contrast to IgG titers elicited by ML29, VLPV-GPC immunized mice displayed 

virus-specific IgG titers as high as 5000 (Figure 3.4).  Since a single i.p. dose of 

ML29 is sufficient to confer 100% protection against a homologous challenge these 

findings rule out any significant role in protection of ML29-specific humoral 

responses in CBA/J mice.  
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Figure 3.6 Minimal humoral response to ML29 immunization.  
CBA/J mice were immunized with ML29, conditioned MEM media, or VLPV-GPC.  Plasma samples 

were collected by retro-orbital eye bleeding beginning every 7 days after immunization.  VLPV-GPC 

immunized animals received a boost on day 7 after prime immunization.  All mice were challenged on 

day 14 after final immunization with ML29 i.c. and bled through day 21 after challenge.  Plasma 

samples were analyzed by ELISA using whole sonicated ML29 viral Ag.  Minimum of n = 5 mice per 

group.  MEM = conditioned media. * = Boost immunization for VLPV-GPC group.  Single arrow = 

challenge MEM and ML29 groups.  Double arrow = challenge VLPV-GPC group. 

 

Identification of immunodominant epitopes within LASV-GPC 

 Many of the described immunological assays required the use of Ag-specific 

stimuli for the evaluation of both quality and quantity of the immune response to 

LASV-GPC.  We utilized a synthetic peptide library (MIMOTOPES, Australia) in 

order to optimize Ag-specific stimuli to be used in ex vivo evaluation of splenocytes 

from immunized animals.  The library consisted of 69 peptides spanning the entire 

open reading from of the GPC from the Josiah strain of LASV.  Each peptide is 21 

amino acids in length and has an 8 amino acid overlap with adjacent peptides.  To 

map the immunodominant regions of the LASV-GPC we pooled peptides from the 
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full library into groups of 4-5 peptides.  These peptide pools were evaluated by IFN-γ 

ELISPOT assay using splenocytes from mice that were immunized with ML29 10 

days prior.  Pools producing significant numbers of IFN-γ SFC were identified for 

further analysis (Figure 3.7.A).  Splenocytes from naïve mice were examined in 

parallel in order to eliminate any cross-reactive epitopes that may be found within the 

peptide library (data not shown), however there were no peptides found to stimulate 

naïve splenocytes.  

These positive peptide pools were subsequently separated into individual 

peptides for further evaluation.  From the individual peptide analysis 6 peptides (three 

pairs of adjacent peptides) were identified as immunodominant (Fig. 3.7.B).  Given 

the nature of the overlapping peptide design, we conclude that these 6 peptides in fact 

correspond to 3 immunodominant regions within the GPC found within the following 

amino acid segments of the GPC sequence: aa 57-83, aa 218-44 and aa 400-426 

(Figure 3.7.C).  Once identified, these immunodominant peptides served as Ag-

specific stimuli in all subsequent immunological assays in order to minimize 

background stimulation by non-specific peptides within the library. 
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Figure 3.7 Mapping of LASV-GPC for CBA/J mouse H-2
k
 background. 

(A) Mapping of GPC H2
k
-restricted epitopes: on day 14 after vaccination splenocytes were stimulated  

with a peptide library consisting of overlapping 21-mer peptides derived from LASV GPC 

(MIMOTOPES, Australia). Stimulated splenocytes were incubated in wells of ELISPOT plates pre-

coated with Abs against mouse IFN-γ and washed away. Cytokine-secreting cells or spot-forming cells 

(SFC) were detected and enumerated according to the manufacturer's instructions for mouse IFN-γ 

ELISPOT (U-CyTech biosciences, Utrecht, The Netherlands). Responses to peptides derived from 

GP1 and GP2 are indicated by black bars.  (B) Individual peptides from positive pools were evaluated 

further by IFN-γ ELISPOT as before.  (C) Identified immunodominant regions within the LASV GPC.  

Immunogenic regions (arrows) are identified by peptide number within the library and the 

corresponding amino acid location within the GPC.  SS = signal sequence, GP1 = glycoprotein 1, CS = 

cleavage site, GP2 = glycoprotein 2. 
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 There are numerous reports of epitope mapping for both LCMV 
123

 and LASV 

50, 136
 Ags, however these studies used computational modeling approaches to predict 

CTL epitopes for human HLA-A2 MHV class I molecules in transgenic mice.  In 

these studies computer predicted epitopes were then tested in transgenic mice for their 

ability to protect challenged mice, or for the presence of epitope-specific 

subpopulations within animals immunized with native proteins by either tetramer 

staining or ex-vivo stimulation with epitopes for effector status.  Our approach was a 

more comprehensive and practical approach which mapped the full-length GPC of 

LASV-Josiah to identify immunodominant peptides in the context of the CBA/J 

mouse H-2
k
 background to increase the sensitivity of assays within the model. 

ML29 immunization elicits strong antigen-specific IFN-γ responses 

 The lack of antibody responses against ML29 implicates CMI responses as 

being primarily responsible for protection against a lethal homologous challenge. 

Direct immunization with ML29 protect 75% of mice against a lethal challenge 4 

days after immunization while 100% protection is conferred between days 8-10 days 

after immunization (data not shown).   In order to begin characterizing these CMI 

responses, groups of CBA/J mice were immunized with 1 x 10
3 

PFU of ML29 i.p. or 

equal volumes of conditioned MEM media.  To evaluate the full scope of the immune 

response we evaluated early virus specific responses every two days after 

immunization up to two weeks via IFN-γ ELISPOT assay using immunodominant 

peptides derived from a GPC peptide library.  For each time point, 5 mice per group 

were sacrificed and their spleens were harvested.  Spleens were processed and total 

splenocytes counted.  Cells were stimulated overnight with GPC peptide cocktail and 
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analyzed for IFN-γ production using an ELISPOT assay (MABTECH, Inc., Sweden).  

Antigen-specific IFN-γ spot forming cells (SFC) were counted among total 

splenocytes and compared to samples from negative control animals.  A gradual 

increase in the number of SFC was observed, peaking at day 8 after immunization 

with numbers of IFN-γ SFC reaching nearly 1000 per 1 x 10
6
 splenocytes (Fig. 3.8).  

After peaking on day 8, the number of IFN-γ SFC began an apparent contraction 

decreasing steadily through the end of the experimental window on day 14.   

 
Figure 3.8  IFN-γ responses elicited by an ML29 immunization. 
CBA/J mice were immunized with 1 x 10

3
 PFU of ML29 or conditioned MEM media and sacrificed at 

designated time points.  Erythrocyte-free splenocytes were prepared and incubated overnight with GPC 

peptides and then evaluated for IFN-γ production by ELISPOT assay.  n = 5 per time point.  Error bars 

represent SEM.  * designate p-value < 0.05 
 

Though the ELISPOT assay is considered to be a reliable means of evaluating 

Ag-specific CD8+ T lymphocyte responses 
137

, by using whole splenocytes in our 

assays it is unclear what percentage of these IFN-γ SFC are indeed within the CD8+ 

T cell population.  In order to validate these data we employed a flow cytometric 

* * 
* 
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approach of intracellular cytokine staining to quantitate numbers of CD8+ or CD4+ 

IFN-γ producing populations.  

ML29 induces antigen-specific IFN-γ and TNF-α within CD3+CD8+ T cells 

With evidence of a strong Ag-specific CMI response to ML29 immunization, 

we aimed to further characterize the T cell responses as they relate to protection.  To 

evaluate the role of specific T lymphocyte populations in protection we employed 

intracellular cytokine staining to identify Ag-specific responses among splenocytes 

and quantitate cell numbers by flow cytometry.  As previously described, mice were 

immunized i.p. with ML29 or with conditioned media on day 0.  At different time 

points mice were euthanized and spleens harvested.  Splenocytes were processed and 

incubated with GPC peptides for 12 hours and then stained for either CD3 and CD4 

surface markers or CD3 and CD8 surface markers to evaluate the Ag-specific 

responses in these two populations.  Subsequently, cells were permeabilized and 

stained for both IFN-γ and TNF-α to evaluate the ability of these two lymphocyte 

populations to produce these pro-inflammatory cytokines in response to LASV-GPC 

stimulation.   

In both human disease and animal models of Lassa fever (LF) it is generally 

accepted that CD8+ T lymphocytes are primarily responsible for viral clearance and 

protection.  However, there is evidence that CD4+ T cells may contribute in a helper 

capacity, whether by helping CD8+ T cells or potentially by direct killing.  In our 

model we evaluated the cytokine profile for both the CD3+CD8+ and CD3+CD4+ T 

cells and their potential role in protection.  For CD4+ T cells an increase in Ag-

specific cytokine responses was observed, however this response was delayed in 
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comparison to ELISPOT data peaking at day 14 when numbers of total Ag-specific 

IFN-γ+, TNF-α+ and double positive cells reached approximately 2%, 0.8% and 

0.4%, respectively, of all CD3+CD4+ T lymphocytes, but remained significantly 

lower for all earlier evaluated time points (Figure 3.9.A).  However, the kinetics of 

the cytokine response for CD3+CD8+ T lymphocytes more closely resembled that of 

the previously described IFN-γ ELISPOT data.  Numbers of Ag- specific IFN-γ+, 

TNF-α+ and double positive cells peaked on day 8 reaching 0.4%, 0.8% and 0.3% of 

CD3+CD8+ T cells and subsequently decreased through the end of the evaluated time 

point on day 14 (Figure 3.9.B). 

As expected, we observed a kinetic response in CD8+ T cells that closely 

resembled that of IFN-γ ELISPOT responses.  For all cytokine producing subsets, 

responses peaked between days 8-10 after which the response began to contract 

through day 14.  In contrast, CD4+ T cell kinetics appeared delayed in comparison 

showing an initial increase starting around day 10 and peaking by day 14.  These 

findings do not completely rule out a protective role of CD4 T cells, but they do 

further strengthen our claim that CD8 T cells in our CBA/J mouse model play the 

major role in protection.  Furthermore, cytokine production is not direct evidence of 

cytotoxic effector function, which is the primary mechanism believed to be 

responsible for protection against a lethal challenge.  For this reason we proceeded to 

develop a CTL assay to show Ag-specific lysis of cells. 
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Figure 3.9 GPC-specific responses in CD4+ and CD8+ T lymphocytes.   
(A) GPC-specific cytokine responses (IFN-γ and/or TNF-α) in splenic CD4 + T cells from mice 

immunized with ML29 or conditioned MEM media.  Frequencies shown are based on CD3+CD4+ 

gated T lymphocytes.  (B) GPC-specific cytokine responses (IFN-γ and/or TNF-α) in splenic CD8+ T 

cells.  Frequencies shown based on CD3+CD8+ T lymphocytes.  Splenocytes collected from same 

experiment with n = 5 mice group.  DP = double positive. Error bars represent SEM. 
 

Activation phenotype of CD4 and CD8 T cells over time 

 To evaluate the kinetics of activation among the different populations of T 

cells splenocytes were further evaluated for activation phenotype by staining for 
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activation markers CD25 and CD69.  CD25 is the α chain of the IL-2 receptor.  It is a 

type I transmembrane protein present on the surface of activated B and T cells.  CD69 

is a type II membrane glycoprotein that is a member of the C-type lectin family.  

CD69 is one of the earliest cell surface antigens expressed T cells after activation and 

for mice it has been shown that upregulation of CD69 mRNA peaks between 30 and 

60 min post-activation of thymocytes 
138, 139

.   Splenotycs from both naïve and ML29 

immunized mice were stained for these activation markers along with CD3, CD4 

and/or CD8 to evaluate the activation phenotype of these two T cell subsets within the 

spleen.  Though no clear distinction was observed for the different time points 

analyzed for CD4 T cells there did appear to be an observable increase in CD25+, 

CD69+ and double positive numbers of CD3+CD4+ T cells starting around day 4 

after immunization.  Unlike previous kinetic data observed in CD8 T cell responses, 

there is no clear kinetic picture of an expansion or contraction of the response in the 

context of CD4 phenotype data (Figure 3.10.A). 

 Similarly for the CD8 T cells, the resulting data did not provide significant 

differences among the tested time points.  However, in contrast to the CD4 T cell 

activation data, there did appear to be a slight trend in the kinetics of the activation 

response.  From the available data, CD69 expression among CD3+CD8+ T cells 

peaks around day 4, which agrees with the fact that CD69 is one of the earliest 

induced activation markers on lymphocytes.  In contrast to CD4 T cells, CD8 T cells 

displayed an increase in CD25+ cell frequency that peaked on day 10 followed by a 

decrease in numbers through day 14.  Though these data are preliminary, activation 
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phenotype of CD8 T cells in the spleen appear to closely match the responses we 

observed for CD8 T cells via ELISPOT and ICCS experiments. 

 
 

Figure 3.10 Activation phenotype of T cells after an ML29 immunization. 
CBA/J mice were immunized with 1000 pfu of ML29 and mice were euthanized at different times after 

immunization.  T cells were evaluated ex vivo for activation phenotype.  Pictured are percentages of   

(A) CD3+CD4+ T cells or (B) CD3+CD8+ T cells positive for CD69 (black bars), CD25 (white bars) 

or CD69+CD25+ double positive cells (gray bars).  n = 5 per time point. 
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Cytotoxic responses correlate with protection and CD8 T cell response kinetics 

 Inflammatory cytokine data from ELISPOT and ICCS assays provide indirect 

evidence for the role of CMI responses, specifically the potential role of cytotoxic 

CD8+ T lymphocytes.  To demonstrate direct evidence of Ag-specific cytotoxic 

activity among the CD8+ population of T lymphocytes we conducted in vivo CTL 

assays to evaluate the frequency of Ag-labeled target cells killed after transfer into 

ML29 immunized mice.  Splenocytes from naïve mice were stained with either CFSE 

or Cell Tracker
TM

 Far Red.  CFSE stained cells were subsequently pulsed with 

immunodominant peptides from Lassa-Josiah GPC for 1 hour while Cell Tracker
TM

 

Far Red cells remained unpulsed.  A 1:1 ratio of peptide-pulsed:peptide-unpulsed 

target splenocytes were transferred into recipient mice that were immunized with 

ML29 at the designated time points before transfer or into naïve mice.  Six hours after 

transfer recipient mice were sacrificed and spleens were harvested and processed and 

the two different populations of target cells were enumerated by flow cytometry 

(Figure 3.11). 
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Figure 3.11 Experimental design for in vivo CTL assay. 

 

 Groups of mice were immunized at various time points pre-transfer and ratios 

of recovered target populations were determined and adjusted for background as 

determined for naïve recipients.  Percent specific-lysis was determined for each group 

of mice for different time points after immunizations.  Percent specific-lysis was 

significantly distinguishable from background levels by day 8 (~20%) and peaked on 

day 10 after immunization with a maximum lysis of peptide-pulsed targets reaching 

above 30% (Figure 3.12).  The CTL response kinetic closely resembled that observed 

in IFN-γ ELISPOT assays and ICCS staining for IFN-γ and TNF-α which also 

displayed peak responses on day 10.  Furthermore, direct immunization with ML29 

confers 100% protection by day 7, which correlates with the onset of the CTL 

response observed on day 8.  These results confirm the presence of Ag-specific 

cytolytic activity in response to a single ML29 immunization. 
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Figure 3.12 CTL activity detected in vivo in ML29 immunized mice.   
A. Representative density plots of CFSE labeled/peptide-pulsed and Cell Tracker

TM
 FarRed 

labeled/peptide-unpulsed target splenocytes from naïve donor mice before and after transfer into 

immunized recipient mice.  B. CBA/J mice were immunized with a single dose of ML29 at the 

designated time points prior to CTL assay.  At each time point, immunized mice received 5 x 10
6
 target 

splenocytes from naïve mice dyed with CFSE and pulsed with GPC peptides and 5 x 10
6
 target 

splenocytes dyed with Cell Tracker
TM

 Far Red and were not pulsed with GPC peptides.  Percent 

specific lysis was determined by the ratio of recovered Ag-labeled and non-labeled target cells and 

adjusted for background from naïve recipients.  Only mice with >5000 recovered CFSE events were 

used for data analysis.   n = 5 per group.  p-value <0.05 by 1 way ANOVA. 

 

 

* 

* 

* 
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Kinetic evaluation for protective efficacy of splenocytes from ML29 immunized 

mice 

The splenocyte transfer assay has previously been shown to be a highly 

specific method for demonstrating the transfer of protective immunity into a naïve 

mouse in the context of arenaviruses
117

.  As a final measure of immune status of 

splenocytes from immunized mice, a splenocyte transfer protocol was employed 

using splenocytes from ML29 immunized donor mice in challenged naïve recipients.  

Using the same approach described previously, donor mice were immunized with 

ML29, euthanized at different time points after immunization and spleens harvested.  

Groups of n = 5 recipient mice were challenged i.c. with ML29 at time = 0 and 2 

hours after challenge received 3.0 x 10
7
 splenocytes from respective donor mice.  A 

small percentage of survival was observed with donor splenocytes from mice 2 days 

after immunization (40%) and survival percentages increased over time reaching full 

protection by day 10 (Fig. 3.13).  With the exception of  one death in the group 

receiving day 12 splenocytes, the kinetics of survival correlated with data from both 

ELISPOT, ICCS and CTL assays, peaking between day 8-10, further strengthening 

the argument for the role of CMI responses, and more specifically CTLs, in 

protection against a lethal challenge. 

In this use of the splenocyte transfer assay we evaluated the timing at which 

full protection can be conferred from splenocytes from immunized mice in naïve 

recipients.  However, the splenocyte transfer protocol is very versatile allowing for 

the evaluation of multiple parameters.  We next used the splenocyte transfer protocol 

to evaluate the role of different populations of T cells by depleting either CD4+ or 
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CD8+ cells from transferred splenocytes to elucidate their role in protection against a 

lethal challenge with ML29. 

 

Figure 3.13 Protective efficacy of transferred splenocytes from ML29 immunized 

mice.   
Donor mice were immunized with ML29 and sacrificed at indicated time points after immunization.  

Naïve recipient mice were challenged at time = 0 and received 3.0 x 10
7 
splenocytes from the indicated 

donor mice 2 hours later.  Mice were monitored for lethality for 21 days after challenge.  n = 5 mice 

per group.  p-value <0.05 by Mantel-Cox log-rank test. 

 

CD8 T cells, but not CD4 T cells, are critical for protection against lethal challenge 

To further evaluate the role of different T cell populations in protection 

against a lethal challenge, adoptive transfer experiments were designed using 

splenocytes depleted of different T cell populations.  Mice were immunized with 

ML29 and 10 days later were sacrificed and splenocytes pooled.  Using magnetic 

beads conjugated to anti-mouse T cell markers (Miltenyi Biotec, Germany) fractions 

of splenocytes from ML29 immunized mice were depleted of CD4+ or CD8+ T cells.   

Naïve recipient CBA/J mice received splenocytes from either conditioned MEM 

media immunized mice, whole splenocytes from ML29 immunized mice or 
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splenocytes from ML29 immunized mice depleted of CD4 T cells or CD8 T cells 2hr 

post-i.c. challenged with ML29 and observed for survival.  All recipient mice that 

received whole splenocytes from ML29 immunized mice survived the entirety of the 

study period (21 days).  In contrast, all recipient mice receiving splenocytes from 

media immunized mice died by day 7.  As expected, recipient mice receiving 

splenocytes from mice immunized with ML29 depleted of CD8 T cells ex vivo all 

succumbed to i.c. challenge by day 8.  However, recipient mice that received 

splenocytes from ML29 mice depleted of CD4 T cells ex vivo were 40% protected 

against a lethal i.c. challenge (Figure 3.14).  Though recipient mice receiving CD4-

CD8+ splenocytes were not 100% protected, it is evident that CD8+ T lymphocytes 

are critical in protection against a lethal homologous challenge.  The possibility 

remains that CD4+ T cells may play a secondary role in protection against a lethal 

homologous ML29 challenge, but cannot do so alone. 
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Figure 3.14 Evaluation of the role of CD4 and CD8 T cells in protection.   
CBA/J mice were immunized with 1 x 10

3
 PFU of ML29 or media i.p. and sacrificed on day 10.  

Spleens were pooled and erythrocyte-free splenocytes prepared.  For ML29 immune splenocytes, 

fractions were depleted of CD4+ cells or CD8+ cells by MACS® magnetic beads.  Recipient mice 

were challenged with 1 x 10
3 

PFU of ML29 i.c. and then injected with 3 x 10
7
 splenocytes 2 hours 

post-challenge.  Survival was monitored for 21 days post-challenge.  n = 5-6 per group.  MEM = 

conditioned media.  Data represented as percent (%) survival by standard Kaplan-Meier curve.  p-value 

<0.001 by Mantel-Cox log-rank test. 

 

 Future applications of the splenocyte transfer protocol will aim to study the 

role of different viral Ags in protection.  By immunizing donor mice with constructs 

containing individual LASV proteins (i.e. GPC or NP) we can then transfer these 

splenocytes into naïve recipients who have been challenged and observe the efficacy 

of protection of Ag-specific splenocytes.  It is well documented that both GPC and 

NP are the main antigenic determinants of protection 
64, 70, 140

 and would be beneficial 

for the purpose of vaccine design to elucidate the roles of each in protection in our 

CBA/J-ML29 model. 

Discussion and Conclusions 

Lassa fever poses a significant public health problem in endemic regions with 

little recourse available to affected individuals.  The wide range of endemicity of the 

rodent reservoir, Mastomys natalensis, makes vector control a virtually impossible 
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task.  It is known that intravenous administration of the nucleotide analog Ribavirin 

can prove an effective treatment, however it is only effective at early time points after 

infection, which can be a difficult therapeutic option in rural communities in African 

countries.  Furthermore, treatment of LF with Ribavirin is not an approved use of the 

drug, it is contraindicated in pregnant women and oral administration has yet to be 

proved effective
32

.  For these reasons the best means of controlling LF is a vaccine. 

Potential vaccine candidates against Lassa virus (LASV) have proven difficult 

to evaluate due to both the expensive nature of non-human primate models of disease 

and the logistical hurdles of challenge studies with LASV in BSL-4 facilities.  Indeed, 

more economical models of disease exist, such as strain 13 guinea pigs
48, 69, 141

 and 

hamsters
93, 94

, but the need to circumvent BSL-4 challenge studies persists and they 

lack commercially available reagents.  In an effort to remedy this situation, and to 

provide a safer and more economical means of conducting preliminary evaluations of 

experimental vaccines against LASV, we have developed the CBA/J-ML29 murine 

challenge model using the reassortant virus as an immunological tool with which to 

preliminarily evaluate immunogenicity and efficacy of vaccine candidates against 

LASV. 

 The mouse model has been used for decades to study acute and chronic viral 

infections using the prototype arenavirus LCMV
73, 116, 117, 119, 120, 142

 and has proved an 

invaluable tool in studying the host immunobiology to arenaviral infections and 

pathogenesis.  Outcome in mice to an LCMV inoculation depends on many factors 

such as mouse strain, age, H-2 background, virus strain, dose or route of inoculation, 

and this is also true for other arenaviruses, namely ML29.  What does remain constant 
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for arenaviral infections in mice is protection and viral clearance is primarily 

mediated by CMI responses, particularly cytotoxic CD8+ T lymphocyte
73, 120, 143

.  

CMI responses are also the main mechanism of protection in NHP models of 

disease
84, 87

.  Based on clinical case studies following human patients it is known that 

neutralizing antibodies typically do not develop until after convalescence or are raised 

at very low titers and do not correlate with viral clearance and recover
22, 30, 144

.  Other 

studies using CD4 T cell clones from human patients
51

 and transgenic mice 

expressing human HLA molecules
123, 136, 145, 146

 have shown that T cell responses also 

appear to be critical in protection against disease in humans.  Despite a difference in 

host responses to arenaviruses, the similarities in the mechanism of viral clearance 

exist between rodents and NHP, allowing for the use of a murine model as a means of 

evaluating immune responses against vaccine candidates.  The CBA/J-ML29 animal 

model was developed for the purpose of evaluating LASV vaccine candidates in a 

safer and more cost effective manner.  With our model we have been able to 

thoroughly characterize the immune response elicited by ML29 in the context of the 

GPC.  In the CBA/J mouse we have shown that humoral responses seemingly play 

little role in protection, whereas the CMI responses to the GPC of ML29 are robust at 

early times after immunization and correlate well with timing of protection. 

 From the presented data we evaluated the CMI responses to the LASV-GPC 

in a variety of assays.  Results from kinetic analyses by IFN-γ ELISPOTs, ICCS for 

IFN-γ and TNF-α, and in vivo CTL assays all peak around day 8-10.  A kinetic 

analysis of splenocytes from ML29 immunized mice transferred into naïve challenged 

recipients also showed that protection peaked between days 8-10 after immunization 
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in correlation with CMI data from all immunological data.  When individual CD4 and 

CD8 T cell populations were evaluated by to elucidate the role each played protection 

it was evident that CD8 T cell responses play the primary protective role, as the 

kinetics of cytokine production in CD4 T cells was delayed as compared to CD8 T 

cells and peaked on day 14 after immunization.  When ML29 immune splenocytes 

were depleted of CD8 T cells there was 100% lethality showing that CD8 T cells are 

crucial for protection.  However, when CD4 T cells were depleted in in the same 

splenocyte transfer experiments not all animals survived.  There are numerous reports 

of a possible role in CD4 T cells in protection against LF disease, both in a helper 

capacity 
51, 145, 147

 or by direct killing 
116, 148

, so the potential remains for a secondary 

role of CD4 T cells in protection in this model.  

 In the current study, our goals were two-fold.  First, to characterize the 

protective immune response observed in mice using the reassortant virus ML29 

against a lethal homologous challenge.  And second, to establish an in vivo CMI 

correlate of protection with which to evaluate potential LASV vaccine candidates in 

addition to survival after direct challenge.  CBA/J mice mounted no significant Ag-

specific IgG titers after immunization with ML29.  It is possible that neutralizing Abs 

do indeed exist at very low titers in the mouse, however in the short window of our 

studies (14 days after immunization) it is evident that humoral responses do not play a 

significant role in protection against a lethal challenge.  Though past animal vaccine 

studies have succeeded in eliciting humoral responses, such as irradiated virus
62

 or 

vaccinia virus expressing NP protein
71

, high Ab titers do not correlate with protection 

against a lethal LASV challenge.  Despite the fact that humoral responses induced by 
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ML29 were observably low as compared to a heterologous vaccine employing an 

alphavirus vector, we do not discount the potential for a role of Abs in protection.  It 

is possible that neutralizing Abs could be present at very low levels as has been 

observed in humans and other animal models 
22, 48

 and there even exists evidence of 

therapeutic treatment of animals with passive Lassa-immune plasma 
48

, or simply 

develop long after convalescence.  Either way this theory would still imply that CMI 

responses are predominantly responsible for protection in CBA/J mice against an 

acute i.c. infection with ML29.  However, further analysis of the quality of Abs, if 

any, is required to completely rule out the role of humoral responses in protection in 

the CBA/J mouse.  Furthermore, other vaccine platforms may elicit higher numbers 

of Abs and/or of better quality and protect by a different mechanism than ML29.  

This type of evaluation should be conducted for each individual vaccine candidate 

tested.  We neither discount the protective potential of neutralizing Abs, nor the 

benefits of vaccines engineered to elicit neutralizing Abs; however it is clear that in 

our ML29 murine model humoral responses do not play a major role. 

 In contrast to minimal Ab responses, ML29 immunizations resulted in 

consistently strong cell mediated immune responses.  Immunological assays were 

focused primarily on Ag-specific responses.  In both IFN-γ ELISPOT assays and 

intracellular cytokine staining assays, stimulation of splenocytes ex-vivo was 

conducted with LASV-GPC peptides previously determined to be immunodominant 

for the CBA/J H-2 background.  The ELISPOT assay is often used for the 

quantitative detection of activated or memory Ag-specific CD8+ T lymphocytes in 

immunized subjects
137

 and in CBA/J mice ML29 elicits high numbers of IFN-γ spot 
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forming cells compared to background levels in naïve mice.  However, the use of 

whole splenocytes in these assays precludes us from conclusively stating that these 

numbers reflect only CD8+ T cells.  Follow up flow cytometric experiments show 

that the IFN-γ producing cells encompass both CD8+ T and CD4+ T cell populations, 

but mostly CD8+ T cells during the time periods associated with protection.  

Intracellular cytokine staining further revealed that in addition to IFN-γ producing T 

cells, there were also significant numbers of TNF-α producing cells and double 

positive (IFN-γ+ TNF-α+) cells among the CD8+ T cell populations.  This robust Ag-

specific CMI response at early time points after immunization in T cell populations 

correlates with findings from direct immunization/challenge studies where full 

protection in challenge animals is observed by day 8 after immunization. 

 Cytotoxic T lymphocytes are believed to be the main mediator of viral 

clearance and protection in animal models and humans.  In order to test the role that 

Ag-specific cytotoxicity plays in protection we employed an in vivo CTL assay to 

demonstrate that target cells pulsed with Ag-specific peptides from the Lassa 

glycoprotein were lost at a significantly higher rate than non-pulsed targets that were 

transferred into ML29 immunized mice.  In this assay we observed clear evidence of 

Ag-specific lysis in immunized animals that began to increase by day 8 and peaked at 

day 10 as compared to naïve recipients.  These data correlate well with cytokine data 

yielded from IFN-γ ELISPOT experiments and IFN-γ and TNF-α ICCS experiments 

where it was observed that the peak in the response for these assays was between 

days 8-10 for all time points evaluated.  From the perspective of the target cells, this 

in vivo CTL data provides direct evidence of Ag-specific cytolytic functionality in 
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immunized mice, however it was yet to be shown that CTL function was directly 

related to protection. 

 To evaluate the role of the observed cytotoxic activity in protection against a 

lethal i.c. challenge with ML29 we performed splenocyte transfer experiments.  In 

these experiments a kinetic analysis of protective potential for ML29 immune 

splenocytes was conducted.  Based on the results from these splenocyte transfers we 

determined that full protection was conferred upon recipient mice starting with 

splenocytes collected on day 10 after immunization.  This further strengthens the 

finding that CMI responses peak between days 8-10, which correlates with protection 

against a lethal challenge.  Further splenocyte transfer experiments with splenocytes 

from ML29 immunized mice that were depleted of either CD4 or CD8 cells shortly 

after a lethal challenge confirmed that CD8+ T cells are critical in protection.  All 

mice that received CD8-depleted splenocytes from ML29 immunized mice 

succumbed to the i.c. challenge, in line with the prediction that cytotoxic CD8 T cell 

populations play a crucial role in viral clearance and protection.  Worth noting, mice 

that received splenocytes from ML29 immunized mice depleted of CD4 cells 

displayed only 40% survival after a lethal i.c. challenge.  The possibility exists that 

this low survival was due to technical administration of the i.v. injection itself, 

however both positive and negative control groups behaved as expected.  It is our 

belief, that in agreement with recent literature in both mice models
145, 148, 149

 and 

human clinical studies
51

, CD4 T cell help enhances the cytotoxic T cell responses 

responsible for viral clearance.  Though the pattern of cytokine production does not 

follow that of CD8+ T cells, there is still a slight increase in TNF-α and IFN-γ 
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starting around day 8 and 10, which could indicate that CD4 T cells could play a 

helper role in protecting mice against a lethal challenge. However, taking into account 

results showing minimal humoral responses and the lack of any survival of mice in 

the absence of CD8 T cells it is reasonable to assume that CD8 lymphocytes are the 

primary cells responsible for protection with CD4 T cell populations perhaps playing 

a secondary helper role in our CBA/J mouse model. 

Thus far only responses to the GPC have been evaluated ex vivo in ML29 

immunized mice as part of the evaluation of the immune mechanism of protection 

elicited by ML29.  This was facilitated by the mapping the immunodominant regions 

of the GPC using a peptide library.  It is clear that vaccine candidates against LASV 

will be designed to contain NP or other viral components of LASV.  Previous studies 

testing recombinant vaccinia viruses expressing the NP or GPC in both NHP 
71

 and 

guinea pigs 
70, 140

 showed that both the GPC and the NP played a role in protection 

against a lethal LASV challenge, albeit to different degrees dependent on which 

species was being tested.  While immunization with ML29 will elicit responses to all 

viral components in theory, we have yet to develop the corresponding ex vivo assays 

for LASV NP.  However, the model is set up to conduct the same assays once the NP 

protein has been similarly mapped for immunodominant regions for the identification 

of optimal NP-specific stimuli.  This would allow for a full evaluation of potential 

vaccine candidates designed for NP, GPC or both. 

 An additional set of experiments that would prove invaluable would be the 

development of tetramers to the identified immunodominant regions of the GPC.  

Given the current model, Ag-specific CD8 T cell responses are detected by ICCS and 
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in vivo CTL assay.  While the ICCS is able to identify Ag-specific cytokine 

producing cells among the CD3+CD8+ T cell population this only provides evidence 

of Ag-specific responding cells and not cytotoxic effector status, while the in vivo 

CTL assay provides specific data on immunized animals ability to kill Ag-specific 

targets.  With tetramers, one could easily identify and quantify by flow cytometry 

previously or currently activated CD8 T cells for known immunodominant epitopes 

on the GPC.  Immunodominant regions were identified as 27 amino acid sequences 

that when used as stimuli elicited robust IFN-γ production from immunized 

splenocytes.  Further experiments are required to identify the specific epitopes for the 

CBA/J H-2
k
 class I MHC molecules.  Once identified and synthesized, these 8-9 

amino acid-long peptides can be loaded onto known MHC molecules of appropriate 

haplotype and conjugated to a fluorophore in order to detect these populations 

directly.  This approach would be highly attractive to both GPC and NP.  

In the current work, secondary or memory responses were not evaluated, 

though they will admittedly play an important role in the application of this model 

when evaluating vaccine candidates against LASV.  From observations of human 

subjects in endemic areas it is clear that a single exposure to LASV confers life long 

immunity as a second clinical attack has never been documented 
14

.  However, 

reinfections are known to take place as people living and working in endemic regions 

exhibit periodic increases in their LASV-specific Ab titers with no observable clinical 

symptoms, suggesting that memory responses induced by a primary infection are 

sufficient to vaccinate individuals against secondary exposures.  Other studies 

involving LASV seropositive individuals display strong memory proliferative 
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responses of LASV-specific CD4 T cells in response to stimulation with Josiah NP 
51

.  

It is expected that memory CD8 T cell responses are also present, but not evidence of 

this in humans has yet been presented.  It will be important to analyze secondary 

responses to ML29 in CBA/J mice to compare thoses responses to primary responses 

described in this work in order to test protective potential of ML29 at longer time 

points after immunization.  It is obvious that in the context of vaccine development an 

immunization must be able to elicit protection long after the vaccine is administered.   

One of the important findings to come out of the current work was the 

identification of immunodominat regions within the LASV-Josiah GPC in the context 

of the mouse H-2
k
 background.  Many efforts have been made to map CTL epitopes 

from LASV proteins, but primarily in the context of human HLA molecules in 

transgenic mice.  In two recent reports employing a computational approach to 

predict CTL epitopes within the GPC and NP of LASV Josiah, each identified 3 

epitopes within the GPC through ex vivo CTL assays or direct mouse 

immunization/challenge experiments.  The epitopes identified by Boesen et al. were 

LLGTFTWTL (aa 258-266), SLYKGVYEL (aa 60-68), and YLISIFLHL (aa 441-

449) 
136

 and those identified by Botten et al. were GLVGLVTFL (aa 42-50), 

SLYKGVYEL (aa 60-68) and YLISIFLHL (aa 441-449) 
50

.  These epitopes were 

predicted for the transgenic human HLA-A2.1 while our mapping efforts employed a 

practical approach within the mouse H-2
k
 MHC class I molecule and identified three 

regions, one of which (aa 57-83) overlapped with the SLYKGVYEL (aa 60-68) 

epitope identified for the human MHC molecule.  This evidence of an interspecies 

conserved CTL epitope may help in human vaccine design.  Future studies will aim to 
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replicate studies evaluating the quality and quantity of LASV responses for other 

LASV Ags such as NP and L in order to develop a better picture of the responses 

necessary for protection against an ML29 challenge and the role each of the viral 

proteins plays.  Studies in LCMV have shown that NP responses are critical in viral 

control, but are typically exhausted early on after infection primarily due to high viral 

loads 
72

.  Without a characterization of NP responses it is difficult to state 

conclusively what the role of NP and possibly L is in protection by means of an 

ML29 immunization, and thus difficult to predict if something similar is occurring to 

what was reported for NP-specific CTL for LCMV.   

The CBA/J-ML29 mouse model has been developed that allows for a 

thorough evaluation of the immune response elicited by ML29 that is responsible for 

protection.  With this model we have shown that, like with LCMV in mice and with 

LASV in humans and other animal models, humoral responses to ML29 as with 

LASV do not seem to play a major role in protection, while Ag-specific CMI 

responses to GPC are prevalent at early time points after immunization and correlate 

well with the kinetics of protection.  As we have observed in our data, both CMI 

responses as detected by ELISPOT, ICCS and in vivo CTL assay all peak between 8-

10 days after immunization, which correlates well with data yielded from splenocyte 

transfer experiments displaying protective splenocytes also reach full protective 

potential around the same time.  Taken together the CBA/J-ML29 mouse model 

provides a valuable tool with which to study protective LASV-responses to GPC 

designed vaccines. 
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Chapter 3: CBA/J Mouse Model and ML29 Employed to 

Evaluate LASV Vaccine Candidates 
 

Introduction 

 Having developed and optimized the CBA/J mouse model in the context of 

the protective response elicited by ML29 we next employed this model to evaluate 

heterologous vaccine candidates against LASV.  The ultimate goal of this project is to 

use the CBA/J mouse model to conduct preliminary immunogenicity experiments in 

the more economical and safer ML29 challenge model prior to the progressing to the 

more clinically relevant NHP models of disease. 

 YF17D is one of the safest and most effective live attenuated vaccines ever 

created and has been used to vaccinate over 500 million people since its development 

in the mid-1930s 
150

.  Its safety profile has garnered interest by many as a possible 

vehicle for antigens from an assortment of different pathogens and cancer targets.  

The ChimeriVax
TM

 platform initially used the YF17D vaccine to swap out the 

envelope (E) protein from other flaviviruses, producing chimeric vaccines presenting 

a homologous E protein from Dengue, Japanese encephalitis virus or West Nile virus 

151-153
.  Additionally, other efforts have successfully inserted foreign epitopes to 

cancer cells 
154

, malarial epitopes 
155

 and epitopes to the matrix (M) protein of the 

influenza virus 
156

, all of which proved to elicit antigen specific cell mediated 

responses in mice.   

 A YF17D construct was developed to express the full-length LASV GPC 

within the complete YF17D genome yielding a replication competent virus 
89

.  

Previous work with chimeric strains expressed other flavivirus E proteins on the 
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surface of the virion.  Similarly, studies inserting small epitopes into the YF17D 

genome also have been able to express these epitopes on the surface of the virion 
157, 

158
.  Studies have already put the YF17D/LASV-GPC recombinant vaccine into a 

guinea pig model in experiments similar to those conducted with ML29.  These 

studies showed that the recombinant vaccine protected 80% of immunized animals to 

a lethal LASV challenge as compared to 100% protection in an ML29 control group 

89
.   

 Finally, an alphavirus replicon vector was previously developed using an 

attenuated strain of Venezuelan equine encephalitis (VEE) virus 
66

.  The RNA 

replicon vaccine vector encodes the relevant vaccine gene, in our case the LASV 

GPC, while a bipartite RNA helper constructs encode the capsid protein and the 

envelope protein from the TC-83 strain of VEE for packaging creating a virus-like 

particle vector (VLPV).  It should be noted, that TC-83 is an existing live attenuated 

vaccine against VEE used in humans, providing an added safety measure during the 

production of the VLPV.  These VLPV serve as a vehicle for delivery of the LASV 

GPC in a manner that will only allow a single cell infection, and unlike live viruses 

will not allow replication of whole virus nor produce spreading of the initial infection.  

The vaccine vector, however, also encodes for the VEE replicase-transcriptase 

allowing for the self-replication of the LASV GPC gene inside the cell.   

 Studies performed in 2001 utilized these constructs along with constructs 

encoding the NP of LASV, to immunize guinea pigs against a lethal LASV challenge.  

These experiments showed that animals immunized with VLPV expressing LASV-

GPC alone or as a bivalent constructs also expressing Ebola virus glycoprotein were 
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able to protect guinea pigs against a lethal LASV challenge.  However, these studies 

were solely conducted for the purpose of evaluating protection efficacy and were not 

set up for studying the immune response elicited by the VLPV.  Thus, the mechanism 

by which these VLPV constructs were able to protect animals from a lethal challenge 

is thus far only speculated.  Similar to past vaccine studies 
62

, antibody responses 

were low and lacking neutralizing activity in the case of LASV Ag-containing 

vectors, thus it was assumed that cell mediated immune responses are the main means 

of viral clearance and protection
66

. 

Materials and Methods 

Virus and cell lines 

 

ML29 reassortant virus isolation and molecular characterization has been previously 

described 
104

.  Virus was propagated in Vero E6 cells (ATCC, CRL-1586), cultured in 

Minimum Essential Medium (MEM, GIBCO) with 2% fetal bovine serum (FBS), 1% 

penicillin-streptomycin and L-glutamine (2mM) at 37˚C in 5% CO2 incubator by 

using a multiplicity of infection (MOI) of 0.01.  Supernatants were collected at 72 

hours post-infection, titrated on Vero E6 cells and virus stocks (1 x 10
7
 PFU/ml) were 

stored at -70˚C. 

Animal immunizations 

 

CBA/J strain mice were purchased from Harlan® Laboratories (Indianapolis, IN) for 

all studies.   Immunizations were conducted via intraperitoneal injection without the 

use of anesthesia.  For ML29 immunogenicity studies, mice were immunized with 1 x 

10
3 

PFU of ML29 i.p. in 100 µl of MEM media.  For immunization with Yellow 
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Fever recombinant viruses, similarly 1 x 10
3 

PFU of virus in 100 µl of MEM media 

were injected i.p. into mice.  For studies involving virus-like particle vectors (VLPV) 

containing Lassa virus GPC, a prime-boost immunization protocol was employed on 

day 0 and day 14 with 1 x 10
7
 IU.     

Splenocyte isolation and processing 

 

Immune cells necessary for assessment of cell mediated immune (CMI) responses 

were isolated from spleens of immunized mice at various time points after 

immunization.  Spleens were isolated from euthanized mice in complete RPMI media 

containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin and passed 

through 70 um cell strainer (BD Falcon, Cat. no. 352350).  Red cells were lysed using 

ACK lysis buffer (Quality Biologicals, Inc. Cat. no. 118-156-101).  Erythrocyte-free 

splenocytes were subsequently used for ELISPOT, intracellular cytokine staining and 

splenocyte transfer/challenge studies as either whole splenocytes or depleted for T 

cell populations using MACS® magnetic bead technology (CD4: MACS® Cat. no. 

130-049-201; CD8: MACS® Cat. no. 130-049-401). 

ML29 enzyme-linked immunosorbent assay (ELISA) 

 

To evaluate the humoral response to ML29 antigens by a given immunization, IgG 

antibody (Abs) titers were determined by ELISA.  96-well round-bottomed microtiter 

plates were coated for 3 hours at 37˚C with 5 x 10
5
 PFU/well of concentrated stock of 

sonicated ML29 (3 x 10
8
 PFU/ml in carbonate–bicarbonate buffer [Sigma, C3041]) in 

100 µl of buffer.  Coating buffer was discarded and plates were washed with PBS-

0.05% Tween.  Wells were blocked with 250 µl of blocking solution consisting of 1x 
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PBS with 10% non-fat dry milk (NFDM) at 4˚C overnight.  Blocking solution was 

discarded and plates were washed with PBS-Tween (0.05%).  Mouse plasma samples 

were first diluted in PBS-Tween (0.05%) with 10% NFDM, added in duplicate to 

plates and serially diluted 1:2 times with a blank control for each sample.  Plates were 

covered and incubated for 1 hour at 37˚C.  Supernatants were discarded and plates 

were washed with PBS-Tween (0.05%).  100 µl of goat anti-mouse IgG (Sigma, 

A4416) in PBS-Tween solution was added to each well and incubated for 1 hour at 

37˚C.  Supernatants were discarded and plates were washed with PBS-Tween 

(0.05%) and added 100 µl of TMB substrate (KPL, 52-00-01) to all wells.  Plates 

were incubated for 15 minutes at RT on a lab rotator.  Color development was 

stopped by adding 100 µl of Stop Solution (KPL, 50-85-04) to all wells and 

absorbances were read at A450. 

Interferon-γ ELISPOT assay 

 

Mouse interferon-γ (IFN-γ) ELISPOT assay (MABTECH AB, Sweden) was 

performed according to manufacturer’s protocol.  Briefly, erythrocyte-free 

splenocytes were processed as described previously and washed twice in complete 

RPMI media and resuspended at 6 x 10
6 

cells/ml.  100 µl of cell suspensions were 

added to 96-well filter plate (Millipore, MSIPS4510) precoated with anti-mouse 

monoclonal IFN-γ Abs in triplicate at dilutions of 3 x 10
5 

cells/well or 1.5 x 10
5
 

cells/well.  Cells were stimulated overnight at 37˚C with cocktail of 10 µM GPC 21-

mer peptides from library of whole LASV-Josiah GPC (MIMOTOPES, Australia) 

determined to be immunodominant for the CBA/J mouse H-2 background as 

previously described 
124

.  After stimulation, cells were washed away using 1x PBS 
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and biotinylated anti-mouse IFN-γ antibody (Ab) was added and plates were 

incubated for 2 hours at room temperature (RT).  Plates were washed with 1x PBS 

with 0.05% Tween and incubated for 2 hours at RT with streptavidin-Horseradish 

Peroxidase.  Spot forming cells (SFC) were developed with TMB substrate 

(MABTECH AB, Sweden) for 20 minutes at RT and development was stopped by 

rinsing plates with tap water.  SFC were counted using C.T.L. Ltd. Immunospot® S5 

Micro-analyzer and counted using Immunospot® V 4.0 software.  

Flow cytometry and intracellular cytokine staining 

 

Splenocytes were collected from immunized mice and processed as described above.  

For intracellular cytokine staining, 1 x 10
6 

cells per sample were stimulated for 12 

hours at 37˚C with 10 µM of optimized GPC peptide cocktail (MIMOTOPES, 

Australia).  Cells were washed with PBS and surface staining was performed using 

the following markers: CD3 (eBioscience, Cat. no. 45-0031, clone 145-2C11, PerCP-

Cy5.5) and CD4 (eBioscience, Cat. no. 17-0042, clone RM4-5, APC) or CD3 and 

CD8 (eBioscience, Cat. no. 17-0081, clone 53-6.7, APC).  Cells were then washed 

with PBS, fixed/permeabilized using Cytofix/Cytoperm™ Plus kit (BD Bioscience, 

Cat. no. 555028) and stained for IFN-γ (eBioscience, Cat. no. 12-7311, clone 

XMG1.2, PE) and TNF-α (eBioscience, Cat. no. 11-7321, clone MP6-XT22, FITC).  

After stimulation cells were washed with PBS and stained for surface markers CD3 

and CD8 (eBioscience, Cat. no. 17-0081, clone 53-6.7, APC).  Stained cells were 

analyzed by FACScalibur (BD Bioscience, San Diego, CA) and flow cytometry data 

were analyzed with FlowJo software (Tree Star, San Carlos, CA). 
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Results 

YF17D-LASV recombinant viruses induce Ag-specific IFN-γ responses 

 YF17D recombinant viruses engineered to encode either the GP1 or GP2 

component of the LASV-GPC have previously been shown to protect 80% of 

immunized guinea pigs against a lethal LASV challenge 
89

.  Redesigned recombinant 

YF17D-LASV viruses have been engineered for higher genotypic stability after 10 in 

vitro passages.  These new recombinant viruses were subsequently evaluated for 

protective efficacy and immunogenicity to LASV GPC.  YF17D recombinant viruses 

encoding either GP1 or GP2 proved again to protect approximately 80% of LASV 

challenged guinea pigs.  We then immunized CBA/J mice with a prime-boost 

regimen of either YF17D-GP1 or YF17D-GP2 recombinant viruses.  Mice were 

euthanized and splenocytes were used to conduct IFN-γ ELISPOT assays.  Cells from 

each group of mice were stimulated over night with either the full GPC peptide 

library or with GP1/GP2 relevant peptides.  Both sets of animals displayed similar 

levels of IFN-γ SFC in response to both types of Ag stimuli, as compared to the wild 

type YF17D (Figure 4.1).  These responses are noticeably smaller than the results 

observed in ML29 immunized animals, possibly associated with the attenuated 

phenotype of the YF17D constructs and the fact that immunized guinea pigs still 

displayed measurable infection and disease.  This is in stark contrast to ML29 

immunized guinea pigs which are 100% protected against a lethal challenge and 

display no evidence of disease 
87

.   
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Reprinted by permission from Elsevier (License # 2761530506356): Jiang et al., Vaccine, Vol. 29, No. 

6, February 2011 

Figure 4.1 LASV immunity evaluated in YF17D-LASV immunized CBA/J mice. 
(A) Vaccination control group: activated CD3+ CD8+ cells peaked on day 14 after immunization. (B) 

Mapping of GPC H2
k
-restricted epitopes: on day 14 after vaccination splenocytes were stimulated with 

a peptide library consisting of overlapping 21-mer peptides derived from LASV GPC. Stimulated 

splenocytes were incubated in wells of ELISPOT plates pre-coated with Abs against mouse IFN-γ and 

washed away. Cytokine-secreting cells or spot-forming cells (SFC) were detected and enumerated 

according to the manufacturer's instructions for mouse IFN-γ ELISPOT (U-CyTech biosciences, 

Utrecht, The Netherlands). Responses to peptides derived from GP1 and GP2 are indicated by black 

bars. (C) CD8+ T cell responses in mice immunized with recombinant YF17D/LAS-GP1 and -GP2 

viruses. Splenocytes from immunized mice were stimulated with peptide cocktails derived from full 

GPC (black boxes) or from GP1 or GP2 subunits (sparse boxes). 

 

VLPV-LASV-GPC induce Ag-specific responses comparable to ML29 

 

 To evaluate the immunogenicity of VLPV containing wild type LASV GPC 

we applied the newly optimized CBA/J mouse model.  Mice were immunized with a 

single dose of the VLPV-LASV-GPC and sacrificed at different times after 

immunization.  As previously described with ML29 immunized animals, spleens were 

harvested and stained for TNF-α and IFN-γ by intracellular cytokine staining 

protocol.  At both days analyzed, the percentage of Ag-specific CD3+CD8+ T 

lymphocytes in VLPV-LASV-GPC immunized animals were comparable to levels 
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observed in animals immunized with ML29 in parallel for all three categories shown 

(Figure 4.2).   

  
 

Figure 4.2 Ag-specific cytokine production in VLPV immunized mice 
CBA/J mice were immunized with VLPV-LASV-GPC constructs or ML29.  At designated times 

splenocytes were stimulated with immunodominant GPC peptides for 12 hrs and then stained for TNF-

α and IFN-γ.  Cells gated on CD3+CD8+ population.  Error bars represent SD.  n = 5 per group.  

VLPV constructs induce significantly higher levels of Ag-specific IgG than ML29 

Despite the fact that humoral immune responses seemed to play no role in 

protection in ML29 immunized animals we do not dismiss the possibility that other 

vaccine platforms against LASV Ags may in fact protect via different mechanisms.  

To evaluate the humoral responses analyzed plasma samples from two different 

VLPV-LASV-GPC constructs by IgG ELISA using ML29 Ag.   VLPV-GPC contains 

the wild type LASV GPC.  VLPV-GPC-Fib was engineered to increase the cross-

priming of the GPC Ag in vivo by stabilizing the GPC using a fibritin trimerization 

domain similar to experiments conducted with LCMV
159

.    Both VLPV constructs 
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were administered in a prime-boost regimen, while control animals received only a 

single dose as described.  

Animals were evaluated for ML29-specific IgG titers every 7 days.  

Beginning 7 days after the boost immunization in both VLPV groups an increase in 

humoral responses was observed which peaked at day 21 or day 28 for VLPV-GPC or 

VLPV-GPC-Fib immunized animals respectively (Figure 4.3).  As VLPV constructs 

contained only the GPC from LASV it clear that any observed IgG titers are to the 

GPC, despite the use of full ML29 Ag to coat ELISA plate.  While it is known that 

passive transfer of Lassa-immune plasma can protect animals against a lethal 

challenge with LASV
48, 160

 it has yet to be determined whether the observed antibody 

responses contribute to protection in these VLPV immunized animals. 
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Figure 4.3 Humoral responses to VLPV constructs 
CBA/J mice were immunized with conditioned MEM media, or VLPV-GPC.  Plasma samples were 

collected by retro-orbital eye bleeding beginning every 7 days after immunization.  VLPV-GPC 

immunized animals received a boost on day 7 after prime immunization.  All mice were challenged on 

day 14 after final immunization with ML29 i.c. and bled through day 21 after challenge.  Plasma 

samples were analyzed by ELISA using whole sonicated ML29 viral Ag.  Minimum of n = 5 mice per 

group.  MEM = conditioned media. * = Boost immunization for VLPV groups.  Single arrow = 

challenge MEM and ML29 groups.  Double arrow = challenge VLPV groups. 

 

VLPV containing wild type and modified GPC protect animals from lethal 

challenge 

As a final measure of the protective efficacy of the VLPV constructs we 

subjected immunized animals to a lethal ML29 challenge.  Both VLPV constructs 

were used to immunize CBA/J mice using a prime-boost regimen and then challenged 

with ML29.  Animals from both groups were 100% protected against a lethal ML29 

challenge as was the ML29 immunized group.  Based on immunogenicity data, 

immune responses targeting the LASV-GPC appear to closely resemble CMI 

responses elicited by a single shot of ML29, as evidenced by intracellular cytokine 
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staining.  However, we must consider the possibility that humoral responses raised by 

the VLPV platform may in fact be playing a role in protection as well.  Further 

studies are indeed required to further analyze the mechanism of protection against a 

lethal ML29 challenge. 
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Figure 4.4 VLPV-GPC constructs protect CBA/J mice against ML29 challenge. 
Mice received a single dose of ML29 or conditioned media (MEM) at day -7 before challenge or 

received a prime dose of VLPV on day -21 and were boosted on day -14 before challenge.  All mice 

were challenged with ML29 i.c. on day 0 and monitored for lethality for 21 days post-challenge.  n = 

minimum of 6 per group. 

 

Detectable levels of Ag-specific IFN-γ splenocytes 3 weeks after surviving a 

challenge with ML29 

 VLPV immunized animals that survived a lethal ML29 challenge were kept 

for a total of 21 days after the challenge date.  At the end of the experiment all 

surviving animals were euthanized and spleens were collected for detection of Ag-

specific splenocytes.  Splenocytes were analyzed for IFN-γ production by ELISPOT 

assay.  Surprisingly, Ag-specific IFN-γ SFC were more numerous in both VLPV 

immunized animals than in control ML29 immunized animals (Figure 4.5).  Though 



 

 88 

 

these differences did not reach statistical difference it seems apparent that the VLPV-

GPC-Fib displayed more Ag-specific splenocytes at long time points after challenge 

survival.  This may be a result of the stabilizing design of the modified GPC in these 

constructs which is meant to increase the half-life of the Ag, however more studies 

are needed to validate this theory. 

 
Figure 4.5 Ag-specific responses detected in surviving VLPV immunized mice. 
VLPV and ML29 mice that survived an ML29 challenge were euthanized and splenocytes were 

evaluated for Ag-Specific responses.  Splenocytes were stimulated overnight with GPC peptides.  

Stimulated splenocytes were incubated in wells of ELISPOT plates pre-coated with Abs against mouse 

IFN-γ and washed away. Cytokine-secreting cells or spot-forming cells (SFC) were detected and 

enumerated according to the manufacturer's instructions for mouse IFN-γ ELISPOT (U-CyTech 

biosciences, Utrecht, The Netherlands). n = minimum of 5 per group. 
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Discussion and Conclusions 

The ultimate goal of this work is to provide an alternative animal model for 

the evaluation of vaccine candidates against LASV that is more economical than 

guinea pig and NHP models and offeres a challenge protocol that is safer and more 

accessible than LASV itself.  Using our CBA/J-ML29 mouse model we were able to 

conduct experiments designed to evaluate two different vaccine candidates against 

LASV:  YF17D recombinant live attenuated viruses and VLPV constructs containing 

the LASV GPC. 

 The first and best example of the realization of this goal comes from the 

YF17D-LASV recombinant vaccine candidates.  A recent publication 
124

 included the 

use of our CBA/J-ML29 model to evaluate the CMI immunity elicited by the 

recombinant YF17D constructs.  In these studies, efficacy studies were conducted in 

guinea pigs that were challenged with a lethal dose of LASV.  YF17D recombinant 

viruses containing the LASV GP1 and GP2 were evaluated for efficacy in guinea pigs 

and for immunogenicity in our CBA/J-ML29 model.  Results from IFN-γ ELISPOT 

resulted in good specificity for GP1 vs. GP2 responses from mice that were 

immunized with one construct.  Total numbers of Ag-specific splenocytes were 

relatively low (~200 sfc/million) when compared to ML29 responses (~800 

sfc/million) and these vaccine candidates did not protect 100% of immunized 

animals, which may relate to the low Ag-specific cell numbers.  Studies involved 

with LCMV have observed that CTL responses not only to GPC, but to NP and L also 

play a significant role in protection.  NP CTL were found to be exhausted early on 
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after infection and replaced with mostly GPC-specific CTL, thus it was proposed that 

if a vaccine can be designed to induce strong long lasting NP-specific CTL responses 

it could enhance the efficacy of vaccines encoding only the GPC 
72

.  Similarly, the 

studies looking at the L protein discovered a number of predicted CTL epitopes not 

found in either the NP or GPC were within the L protein, which was not previously 

believed to be a target of CTL activity.  These epitopes induced in vivo cytotoxic 

activity and conferred protection in mice 
73

.  This may explain the less than full 

protection exhibited by the YF17D recombinants expressing only the LASV GPC.   

Further evaluation of these candidates in the CBA/J mouse model is required 

to fully characterize the immune responses to the YF17D constructs, but future 

experiments should include other LASV Ags in an attempt to attain full protection of 

vaccinated animals.  Typically in challenge studies, it is difficult to conduct 

immunogenicity in parallel with the same animals as samples are limited that can be 

acquired via non-lethal procedures.  In this case, guinea pigs served to test the 

efficacy of the vaccine candidates while the CBA/J-ML29 model was used to 

evaluate immunogenicity to the LASV GPC.  For these studies only IFN-γ ELISPOT 

assays were conducted.  However all of the previously described immunological 

assays would serve the purpose of fully analyzing the immune response elicited by 

the YF17D recombinant viruses.  It is reasonable to assume that future studies in the 

CBA/J-ML29 model could discern a better picture of the CMI responses to YF17D to 

help in the development process before repeating challenge protocols in guinea pigs 

or possibly NHP.  It is known that YF17D protects vaccinated individuals from YF 

disease primarily via the induction of strong humoral responses 
150

.  All studies to 
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date indicate that neutralizing antibodies are the correlate of protection with over 98% 

of vaccinated individuals being fully protected for at least 10 years and it is 

considered the primary mechanism of protection against re-exposure 
161

.  In contrast, 

protection against LASV requires a CMI response.  In such a case, a vector known to 

be a potent inducer of humoral responses must be evaluated for its ability to induce 

CMI responses.  Previous studies using YF17D-LASV recombinant viruses 

containing GPC resulted in a similar level of protection of 80% in guinea pigs and the 

possibility was posed for the necessity for NP recombinant viruses to confer full 

protection 
89

.  The evaluation of NP is something that could and should be tested in 

the CBA/J mouse model. 

VLPV vaccine candidates were more extensively evaluated using multiple 

assays within the context of the CBA/J-ML29 model.  In the case of these constructs, 

efficacy was first evaluated via ML29 challenge protocol, which found that both 

VLPV constructs tested, containing either wild type or a modified LASV GPC, were 

able to confer full protection on immunized mice.  VLPV constructs induced 

comparable levels of Ag-specific cytokine producing CD8 T cells as determined by 

ICCS and animals that survived the challenge protocol displayed robust IFN-γ 

responses via ELISPOT assay.  In contrast to ML29, VLPV constructs were able to 

elicit significant humoral responses to the GPC antigen as determined by ELISA.  

Whereas ML29-specific IgG titers never rose above 200 in ML29 immunized animals 

(which tested for all viral Ags), IgG titers in VLPV immunized animals peaked at 

around 5,500 in construct expressing wild type GPC and around 4,000 for modified 

GPC, and this was only for 1 LASV Ag.  An attractive feature of the CBA/J-ML29 
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model is the versatility it offers for the evaluation of individual vaccines.  One of the 

main reasons for discounting a role for humoral responses in protection is the delay in 

detectable neutralizing Abs in patients at the time of death or are low or late in 

experimental animals 
22

.  It is yet to be determined if the humoral response plays a 

role in protection against a lethal ML29 challenge.  The same could be said for ML29 

Ab responses, though in agreement with the current literature with respect to humoral 

responses Abs appear to be present only at low titers during the recovery period after 

a lethal challenge suggesting they do not correlate with protection.  However, it is 

possible that the VLPV vaccine platform does indeed induce a humoral response that 

plays a role in protection and this should be evaluated for any vaccine candidate 

tested to determine the mechanism of protection in each case. 

 In order to fully evaluate the two previously described vaccine candidates, 

each candidate must be subjected to all of the developed assays in our model.  Of 

particular interest will be the splenocyte transfer experiments to elucidate the specific 

T cell responses induced by each vaccine and to compare them to the ML29-induced 

response we have more thoroughly characterized.  As a proof of principle, however, 

we have successfully employed the developed CBA/J-ML29 model to conduct a 

preliminary evaluation of two distinct vaccine candidates against LASV infection.  As 

an added benefit, both of the tested vaccines have been tested in animal models of LF 

disease.  In the case of YF17D constructs guinea pigs were shown to be 80% 

protected from a lethal LASV challenge 
124

 while in the case of VLPV, the same 

technology was used to vaccinate guinea pigs as well and conferring full protection 

against a lethal challenge with LASV 
66

.  Though, for VLPV, the vectors were based 
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on VEE and not the attenuated TC-83 strain.  Nonetheless, in both cases the vaccine 

technologies have previously shown protection in a disease model showing that 

results from the CBA/J mouse model can predict efficacy of vaccine in more common 

models of LF disease.  In a case where the vaccine does not elicit full protection in all 

vaccinated animals, vaccine constructs can be modified as required and put back into 

the mouse model in a timelier and cost efficient manner until an optimal product has 

been developed.  Once the immunogenicity and efficacy profiles have been evaluated 

in the mouse model more, necessary experiments in guinea pigs and/or NHP can be 

designed with better confidence of expected results, making better use of resources in 

these expectedly more expensive experiments. 
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Chapter 4: Future Directions 
 

Here we describe a small animal model for vaccine development research 

against LASV.  The route dependent outcomes of the reassortant virus ML29 allow it 

to be used as both an immunogen and a challenge agent and its attenuated phenotype 

allows for experiments to be conducted outside of BSL-4 facilities.  By characterizing 

the immune response elicited by an ML29 immunization in CBA/J mice we have 

provided a baseline immunogenicity profile associated with protection against a lethal 

LASV-like challenge.  The financial investment of mice as compared to more 

expensive NHP models of LF is minimal.   

To date, preliminary evaluations of two heterologous vaccine candidates have 

been conducted.  YF17D recombinant strains encoding LASV GPC have been 

evaluated in CBA/J mice for their ability to elicity Ag-specific responses.  VLPV 

constructs packaging the LASV-GPC or a modified GPC have also been evaluated for 

immunogenicity and efficacy in challenge studies.  However, to fully study the 

mechanism of protection of these candidates as they compare to the ML29 responses 

we must employ all of the developed immunological assays, importantly the CTL 

assay to evaluate functionality of CD8 T cells and the splenocyte transfer assay to 

analyze the role of different immune cell populations.   

All work thus far has focused exclusively on the GPC of LASV.  As a means 

of characterizing the Ag specific CMI responses, GPC was chosen due to its 

immunogenic properties as observed in a variety of animal models.  However, NP has 

recently been shown to play a critical role in viral clearance and has long been known 

to elicit immune responses in animal models and memory responses in humans.  For 
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these reasons, it will be important to conduct an evaluation of NP-specific responses 

in ML29 immunized mice and to qualify and quantify the response as compared to 

GPC.  NP is also known to posses immunoregulatory properties and its inclusion in 

vaccine design remains in question.  For this reason we must weigh the positive value 

of the immune response against any negative potential effects it may have on 

immunized subjects.  The same could be conducted for L protein. 

In future studies we plan to further evaluate the immunogenicity kinetics for 

longer periods of time with a particular emphasis on memory responses and 

ultimately to employ the model for the purpose of evaluating unrelated LASV vaccine 

candidates for immunogenicity and efficacy.  The ability of vaccines to protect 

individuals from secondary exposures of a disease long after immunizations is vital, 

thus we must evaluate memory responses of ML29 as well as any other evaluated 

vaccine candidates.   

Presently the CBA/J-ML29 murine model provides a more economic and 

safer animal model alternative for the preliminary evaluation of vaccine candidates 

against LASV before moving up to more expensive, yet necessary, models of disease.  

Undoubtedly, a vaccine candidate that has been evaluated in this CBA/J-ML29 mouse 

model will necessitate further evaluation in a model of disease, such as guinea pigs or 

preferably NHP as part of vetting process for new vaccines.  As NHP are the 

preferred animal model for LF and the most expensive animal model, our hope is that 

preliminary work on immunogenicity and optimization of vaccine can be conducted 

in our mouse model saving investigator resources for necessary NHP experiments as 
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a final determination of safety, immunogenicity and efficacy for these candidates in 

the more relevant model for human disease.   
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