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ABSTRACT
We previously developed optimized DNA vaccines against both Lassa fever and Ebola hemorrhagic fever viruses
and demonstrated that they were protective individually in guinea pig and nonhuman primate models. In this
study, we vaccinated groups of strain 13 guinea pigs two times, four weeks apart with 50 mg of each DNA
vaccine or a mock vaccine at discrete sites by intradermal electroporation. Five weeks following the second
vaccinations, guinea pigs were exposed to lethal doses of Lassa virus, Ebola virus, or a combination of both
viruses simultaneously. None of the vaccinated guinea pigs, regardless of challenge virus and including the
coinfected group, displayed weight loss, fever or other disease signs, and all survived to the study endpoint. All
of the mock-vaccinated guinea pigs that were infected with Lassa virus, and all but one of the EBOV-infected
mock-vaccinated guinea pigs succumbed. In order to determine if the dual-agent vaccination strategy could
protect against both viruses if exposures were temporally separated, we held the surviving vaccinates in BSL-4
for approximately 120 days to perform a cross-challenge experiment in which guinea pigs originally infected
with Lassa virus received a lethal dose of Ebola virus and those originally infected with Ebola virus were infected
with a lethal dose of Lassa virus. All guinea pigs remained healthy and survived to the study endpoint. This
study clearly demonstrates that DNA vaccines against Lassa and Ebola viruses can elicit protective immunity
against both individual virus exposures as well as in a mixed-infection environment.
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Introduction

Viral hemorrhagic fevers are among the most acute and
deadly diseases known. Lassa virus (LASV) and Ebola virus
(EBOV), two hemorrhagic fever viruses that previously
caused outbreaks in distinct geographic ranges, are now
known to occur in an overlapping geographic area of West
Africa. The unprecedented West African human outbreak of
EBOV that occurred 2014 through 2015 was the first time the
disease had been observed in the well-known Lassa Fever
endemic areas of Liberia, Sierra Leone, Nigeria and Guinea.1,2

With over 30,000 cases of Ebola virus disease occurring over
the period, it was the largest outbreak of EBOV on record, but
still pales by comparison to the estimated annual burden of
300,000-500,000 cases of LASV in the endemic area per
year.2,3 There is critical need for safe and effective medical
countermeasures for both of these viruses, and development
of vaccines or therapeutics that could target both viruses
simultaneously would be ideal to not only protect military
and peace-keeping personnel deployed to the now EBOV/
LASV endemic area, but also as an important tool in improv-
ing the overall public health in the region. Also, it is possible
that people in the endemic area could become infected with

both LASV and EBOV simultaneously, thus a dual-agent
countermeasure strategy is an important consideration.

Our laboratory is engaged in development of DNA-based
vaccines against biodefense targets, and we reasoned that devel-
opment of a vaccine that could induce protective immunity
simultaneously to both LASV and EBOV could fill a critical
need. DNA vaccines are a good match for the target deploy-
ment area because they are stable and do not require rigorous
cold-chain management, they are adaptable and can be made
quickly and in large volumes in response to outbreak situations,
and have been shown to be safe and effective when paired with
optimal delivery devices.4–7 Several DNA vaccine candidates
are currently in clinical trials, such as viruses of biodefense con-
cern, including vaccines against hantaviruses and Venezuelan
equine encephalitis virus.8–10 We have previously screened
DNA-based viruses against EBOV and LASV individually in
guinea pig and nonhuman primate disease models with suc-
cess.11–13 In the study presented here, we assessed the ability of
the previously-tested DNA vaccines against LASV and EBOV,
administered as subcutaneous injections followed by dermal
electroporation, to protect guinea pigs from lethal infection with
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LASV, EBOV, or from simultaneous infection with both viruses.
We also performed an additional cross-challenge experiment in
which the guinea pigs vaccinated with both DNA vaccines that
survived exposure to individual viral agents (LASV or EBOV)
were held in the BSL-4 lab for approximately 90 days after the
end of the primary exposure study, then were exposed to the
opposite virus to simulate if the multi-agent vaccine could pro-
tect against each virus if exposures were separated temporally.
To our knowledge, this study is the first report of a LASV/
EBOV coinfection model, so in addition to the vaccine proof-of-
concept studies, we report novel basic descriptive and pathologic
parameters of coinfected guinea pigs.

Results

Antibody response to vaccination

In order to trace the development of LASV-specific and EBOV-
specific IgG in vaccinated guinea pigs during the vaccination
phase and subsequent virus exposures, and to determine what
effect vaccine dose on subsequent antibody production, we per-
formed glycoprotein-based ELISAs of samples collected prior
to the first vaccination, one week after the second vaccination,
and just prior to virus exposure (Day 0). Guinea pigs received
either a low dose of vaccine (50 mg DNA per vaccination) or a
high dose of vaccine (100 mg DNA per vaccination). It was nec-
essary to conserve the small sample volumes collected during
the pre-exposure phase, so samples from guinea pigs receiving
the low dose vaccine were pooled together, as were those from
guinea pigs receiving the high dose vaccine. Plasma from the
mock-vaccinated guinea pigs was also pooled. For the post-
challenge samples, plasma from guinea pigs within each of the
nine exposure groups was pooled for the analysis. As shown in
Figure 1, there was no measureable IgG specific for EBOV (1A)
or LASV (1B) in the samples collected just prior to the first vac-
cination, which is indicated by the first downward arrow. The

second vaccination was administered four weeks after the first
one (Day -42), and one week after the second vaccination (Day
-35), samples were again examined for LASV- and EBOV-spe-
cific IgG. Antigen specific IgG was detected at high levels for
EBOV. LASV-specific IgG was also detected after the second
vaccination, but at a much lower level than what was observed
for EBOV. In our previous experiments with the LASV DNA
vaccine, we have also observed a modest humoral response to
vaccine prior to virus exposure.16 The last sample prior to virus
exposure was collected approximately five weeks after the sec-
ond vaccination, immediately prior to virus exposure (Day 0).
Levels of EBOV-specific IgG were beginning to decline on Day
0, but levels of LASV-specific IgG were higher on Day 0 than in
the samples collected after the second vaccination. For both
EBOV and LASV, the animals that received the high dose vac-
cine mounted a stronger antibody response than those that
received the low dose vaccine. The mock-vaccinated guinea
pigs did not have measureable EBOV- or LASV-specific IgG at
any of the sampling timepoints.

Protective efficacy of the DNA vaccines against viral
challenges

All vaccinated guinea pigs survived to the study endpoint
(day 28 post exposure) regardless of the initial dose of vac-
cine (high or low), or challenge virus, including those
exposed to LASV and EBOV simultaneously, compared to
the guinea pigs in the control groups that all succumbed
(Figure 2A). The typical lethal window for EBOV infection
in guinea pigs is between days 8 and 12 post-exposure
whereas the normal disease course for LASV in guinea pigs
is typically longer, with animals reaching euthanasia criteria
between 14 and 18 days post-exposure. In this study, the
mock-vaccinated control guinea pigs exposed to LASV
alone succumbed between days 14 and 19 post exposure;

Figure 1. Antigen-specific IgG response to multi-agent vaccination prior to virus exposures. The x axis defines study day relative to Day 0, which is virus exposure. The
vaccination days are represented as negative numbers indicating that they occurred prior to study Day 0. EDTA-treated plasma from guinea pigs vaccinated with the
low-dose (50 mg) multiagent vaccine, High-dose (100 mg) multiagent vaccine or the mock vaccine were pooled into their respective groups for analysis of IgG response
via antibody capture ELISA. The arrows indicated when the vaccinations were administered. Blood was collected just prior to the first vaccination timepoint, which was
study day -70, and serves as the zero control for this experiment. A second vaccination was administered to all guinea pigs on study day -42. Blood samples collected just
prior to the first vaccination, one week after the second vaccination, and on Day 0 (samples collected just prior to virus exposure) were selected for analysis by ELISA. A)
The antibody response to EBOV antigen was strong in the vaccinated guinea pigs, as indicated by the EBOV ELISA. Plasma dilutions of 1:4096 were required to obtain a
reading below the dynamic range limit of the plate reader. B) Vaccination with the multi-agent vaccine induced lower levels of Anti-LASV antibodies than those observed
on the EBOV plates. A plasma dilution of 1:32 was graphed for the LASV antigen ELISAs.
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control guinea pigs exposed to EBOV alone succumbed
between days 8 and 14 post exposure, and LASV/EBOV co-
exposed guinea pigs succumbed between days 8 and 15 post
exposure. The co-exposed control group succumbed in three
distinct phases, which will be referred to as early (Days 8–
9), mid (Days 10–11), or late (Days 12–19).

Daily observations of the guinea pigs were performed after
virus exposures and the development of disease signs in all
groups were observed and recorded. Each guinea pig was
assigned a morbidity score daily, based on signs of illness
including piloerection, anorexia and weight loss, activity, rash
development, neurologic deficit, dyspnea, hypothermia, respi-
ratory distress, and non-ambulatory state (Figure 2B). Each of
these disease signs was given a number from 1 to 7 according
to severity with a score of 7 corresponding to a non-ambulatory
state in which euthanasia criteria was met. Guinea pigs were
assigned a score corresponding to the most severe disease sign
they were experiencing at each observation period. In addition
to disease signs, weight and temperatures were also recorded
daily (Figure 2C and 2D). The body weights and temperatures
of vaccinated guinea pigs were stable throughout the study
period, whereas guinea pigs assigned to the control groups
experienced severe weight loss and became febrile prior to suc-
cumbing to disease.

Changes in IgG levels after virus exposure

EBOV-specific IgG levels increased in the vaccinated guinea
pigs after virus exposure starting at the Day 7 sample collection
(Figure 3A, 3B). Guinea pigs receiving the high dose vaccine
and exposed to EBOV alone and EBOV C LASV experienced
the highest increases. IgG levels remained high at Day 14 before
beginning to decline slightly in all vaccinated survivors by Day
21. The disease course for LASV is extended compared to that
of EBOV in guinea pigs, thus there were some animals in the
mock-vaccinated control group who were still alive at the Day
14 sampling and some LASV-specific IgG was detected in those
animals. None of the EBOV-only or LASVCEBOV-exposed
control animals developed a detectable IgG response prior to
succumbing to disease. Samples collected from the vaccinated
survivors at the end of the study (Day 28) had IgG levels com-
parable to those observed for the Day 21 samples.

Cross challenge of guinea pigs

At the conclusion of the in-life portion of the primary animal
study, the guinea pigs that received the low dose vaccine prior
to being exposed to LASV or EBOV alone were retained in the
BSL-4 lab and were held for approximately 90 days pending a
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Figure 2. Outcomes of the primary vaccine study following exposure to 1000 PFU EBOV, 1000 PFU LASV, or 1000 PFU each of LASV and EBOV simultaneously. (A) All vac-
cinated guinea pigs survived, regardless of whether they received high (100 mg) or low dose (50 mg) multi-agent vaccine. The mock-vaccinated control groups suc-
cumbed in three distinct phases: in the typical window for EBOV (days 7–14), in the typical window for LASV (days 14–19) or an interim window. (B) Morbidity scores for
mock-vaccinated guinea pigs increased as disease signs were observed until euthanasia criteria were met. None of the vaccinated GPs experienced observable disease
signs after virus exposure. (C) Vaccinated guinea pigs maintained their body weights postexposure. In contrast, mock-vaccinated guinea pigs lost weight steadily, starting
approximately 6 days postexposure and continuing to euthanasia. Dashed lines indicate 10% and 20% weightloss estimates. (D) Normal body temperature was main-
tained by all vaccinated guinea pigs while mock-vaccinated controls experienced a febrile state starting approximately day 5 postexposure in guinea pigs exposed to
EBOV alone and EBOV C LASV, and starting approximately day 9 post exposure in guinea pigs exposed to LASV alone. The temporal development of fevers in the mock-
vaccinated animals mimics the tri-phasic morbidity observed in the survival curve.
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cross-challenge experiment in which the guinea pigs exposed to
LASV alone in the primary study were then exposed to EBOV,
and the guinea pigs exposed to EBOV alone in the primary
experiment were then exposed to LASV. Na€ıve age and weight-
matched guinea pigs were also used to populate control groups
for each virus. The cross-challenge experiment was performed
in the same way as the primary study except that blood samples
were not collected post exposure. All of the vaccinated guinea
pigs survived cross-challenge exposure, without development
of disease signs. All LASV-exposed control guinea pigs suc-
cumbed and all but one of the guinea pigs exposed to EBOV
succumbed to lethal disease (Figure 4A-D).

Pathologic analysis of co-exposed mock-vaccinated guinea
pigs

Mock vaccinated guinea pigs exposed to LASV had mild histo-
logic lesions that could not be classified as LASV-specific.
Despite the lack of convincing histologic lesions, guinea pigs in
this group succumbed of typical LASV disease and demon-
strated positive immunohistochemistry staining for LASV anti-
gen in all tissues examined (Figure 5). Non-specific binding of
antibodies used for analysis to endothelial tissue of guinea pigs
was observed, but antigen-specific staining in the hepatocytes,
pneumocytes, tissue leukocytes, and adrenal cortical cells was
characteristic of previously reported LASV infections,14 con-
firming that these animals were exposed to LASV.

The most consistent histologic lesion seen in the mock-vac-
cinated guinea pigs exposed to EBOV was necrosis and/or loss
of lymphocytes in lymph nodes at one or more locations and
splenic white pulp, and is consistent with what is normally
reported for EBOV disease in guinea pigs.15 These lesions were
particularly evident in the mesenteric lymph nodes. Positive
immunohistochemistry (IHC) in leukocytes (predominantly
macrophages) in affected follicles in the splenic white pulp cor-
relates with the presence of EBOV antigen and lymphocyte
necrosis. Other consistent histologic lesions in this group
included multifocal random hepatocyte necrosis C/- sinusoidal
fibrin thrombi, and deposition of fibrin and necrotic debris and
reticular cell hyperplasia in the red pulp of the spleen. Positive
IHC staining in hepatocytes, pneumocytes, and leukocytes in
the liver, splenic red pulp, and lung was co-located with the his-
tologic lesions described above (data not shown).

Three distinct waves of mortality occurred in the
LASVCEBOV co-exposed control group. The animals that died
early (days 8–9) had histologic lesions similar to the animals in
the EBOV-only group, including lymphocytolysis in multiple
lymphoid tissues, hepatocyte necrosis, hepatic sinusoidal fibrin
thrombi, splenic red pulp fibrin and necrotic debris, and intersti-
tial inflammation in the lung. Positive IHC staining for EBOV
antigen was seen in leukocytes of multiple tissues, hepatocytes,
pneumocytes, adrenal cortical cells, renal tubular epithelium, and
scattered fibroblasts and endothelial cells. Interestingly, positive
IHC staining for LASV antigen was also seen in multiple tissues,
but was limited to the endothelium, thus we suspect this is due
to non-specific staining of the LASV monoclonal antibody that
has been described in previous studies.14,16,17 The guinea pigs
that died later (days 14–19) had limited histologic lesions, similar
to the animals in the LASV-only group. Minimal to mild lym-
phocytolysis in lymphoid tissues, and minimal necrosis in the
liver were the most consistent findings. Minimal to mild intersti-
tial inflammation was present in the lungs of these animals. It is
significant that there was no IHC staining for EBOV antigen in
any of the tissues of the guinea pigs that died in the late stage,
suggesting that these guinea pigs were able to clear EBOV virus
prior to the time of death. However, these guinea pigs had posi-
tive IHC staining for LASV in multiple tissues, to include hepa-
tocytes, adrenal cortical cells, and endothelium of multiple
tissues. As mentioned previously, there was also non-specific
endothelial staining in these tissues. Co-infected guinea pigs that
succumbed during the mid phase (days 10–11) showed charac-
teristics observed in those that died early and late in the disease
course. A summary of histologic lesions present in the co-
exposed guinea pigs is included as Table 1. A selection of IHC
results are presented in Figure 5.

Detection of viral antigens in tissues of mock-vaccinated
guinea pigs

We performed immunofluorescence analysis (IFA) on the tis-
sue samples from the mock-vaccinated, coinfected guinea pigs
in order to determine if EBOV and LASV target the same cells.
Slides of lung, liver and spleen tissues were stained for LASV
and EBOV antigens and examined on a confocal microscope.
For this analyses, polyclonal rabbit sera derived by injection of
rabbits with LASV recombinant GP proteins was used instead
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Figure 3. Antigen-specific IgG responses against EBOV and LASV in vaccinated guinea pigs receiving high dose (100 mg DNA) or low dose (50 mg DNA) multi-agent vac-
cine and exposed to EBOV alone, LASV alone, or EBOV and LASV in a simultaneous infection. (A) Levels of anti-EBOV IgG increased from the pre-exposure levels by day 7,
then declined slightly by Day 21 and Day 28. (B) Levels of LASV IgG increased in all vaccinated animals by Day 14, and remained increased through the end of the study
(Day 21). The Mock-vaccinated group that were exposed to LASV alone began to mount a LASV-specific IgG response as observed on Day 14, but these animals suc-
cumbed before Day 21.
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of the monoclonal antibody that was used for IHC. Although
background staining was apparent, antigen specific staining
was well defined, and when the fluorescent fields were merged,
there was no evidence of co-staining of cells, indicating that
LASV and EBOV target different cell types in tissues (Figure 6).

To enable the detection of tissue differences that might
relate to physical changes observed in the three-phased
mortality (early, mid and late), we used a novel in-situ
hybridization (ISH) technique employing nucleic acid
probes instead of antibodies. We examined lung, liver, and
spleen tissues from guinea pigs that succumbed in the early,
mid, or late disease stage and differentially stained for the
presence of LASV or EBOV genomes (Figure 7). In the
guinea pigs that succumbed early (Day 8–9), we were able
to show the presence of moderate levels of EBOV genomes
in the lung, and higher levels in the liver and spleen. LASV
genomes were not observed in the lungs in co-infected ani-
mals that succumbed early, but were present in the liver
and spleen at lower levels than EBOV. Much lower levels of

EBOV antigen were observed in guinea pigs that succumbed
in the mid stage (Days 10–11) Notably, LASV genomes still
appear to be absent in the lungs but they were present in
liver and spleen. LASV antigen stained more intensely in
the spleen than EBOV in coinfected animals that suc-
cumbed in the mid phase. The guinea pigs that succumbed
in the late phase (Day 14–15) were negative for EBOV
staining in all tissues. It is important to point out that the
brown color present in the spleen tissue of the Late EBOV
and the negative control is thought to be deposits of hemo-
siderin, and are not considered antigen-positive staining in
this assay. The late phase tissues were absent of EBOV-spe-
cific staining but were intensely positive for LASV antigen
in the lung and spleen, and moderately positive in the liver.

Discussion

In this study, we were able to show that a dual-agent DNA vac-
cination strategy was effective against LASV and EBOV
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Figure 4. Outcomes of a cross-challenge study in which exposures to EBOV and LASV were temporally separated. Guinea pigs receiving the low dose vaccine and exposed
to either LASV alone or EBOV alone were held in the BSL-4 laboratory for approximately 90 days following the end of the Primary exposure study, pending a cross-chal-
lenge experiment. Age and weight-matched control guinea pigs were assigned to virus exposure groups, and vaccinated guinea pigs that survived LASV-only exposure
in the primary experiment were exposed to 1000 PFU EBOV by the subcutaneous route, while vaccinated guinea pigs that survived LASV-only exposure in the primary
experiment were exposed to 1000 PFU EBOV by the subcutaneous route. All vaccinated guinea pigs survived the cross-challenge, indicating that the multi-agent LASV/
EBOV DNA Vaccine can protect when exposures are temporally separated. (A) Survival curve for the cross-challenge study shows that all LASV-exposed, and all but one of
the EBOV-exposed control guinea pigs succumbed, while the vaccinated guinea pigs survived to the endpoint. (B) Vaccinated guinea pigs remained well following virus
exposure, whereas the control guinea pigs developed disease signs typical of LASV or EBOV exposure. The surviving EBOV-exposed control animal that survived devel-
oped disease signs following exposure, but recovered and had no observable signs of disease after day 17 post-exposure. (C) Vaccinated guinea pigs maintained their
bodyweights following exposure, compared to control guinea pigs that lost weight steadily until euthanasia. The jump in weight in the EBOV control group occurring
between days 11 and 12 is due to the last critically ill guinea pig succumbing, leaving the lone surviving control guinea pig. (D) Body temperatures remained stable for
the vaccinated guinea pigs. Control guinea pigs experienced a febrile state similar to that seen in the primary study.
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exposure individually, and in a coinfection model. In the pri-
mary experiment, we assessed the ability of the optimized
LASV-GPC and EBOV-GP DNA vaccines to elicit protective
immunity against both viruses in the same animal. We were
able to observe a brisk humoral response to the vaccine against
EBOV, and a much lower but clearly measureable humoral
response
to LASV after the second vaccination timepoint. We demon-
strated that guinea pigs receiving both vaccines at different sites
via dermal electroporation, were completely protected against
exposure with each virus individually, and were also protected
against simultaneous exposure to both viruses. Our ELISA
experiment shows that the guinea pigs that received the high
dose vaccine had a higher antibody response during the

vaccination phase and after virus exposure than those that
received the low dose vaccine, but there were no observable dif-
ferences between these vaccinated groups in terms of protection
from disease and death. In addition, we were able to show in
the cross-challenge experiment that the multi-agent vaccine
was able to protect against LASV and EBOV when exposure to
the second virus was delayed for an extended period of time
after the initial exposure. We believe this indicates that the mul-
tiagent vaccine can provide durable protection against each
virus when exposures are spread apart in time.

Although the vaccinated guinea pigs survived infection,
the mock-vaccinated guinea pigs that succumbed to infec-
tion provided an opportunity for a first-of-its-kind analysis
of a LASV/EBOV coinfection animal model. Our initial

Figure 5. Histology and immunohistochemistry of selected spleen and liver tissues from a co-infected guinea pig that succumbed in the early phase (Day 9). IHC staining
for EBOV and LASV was also performed on spleen tissue from an uninfected guinea pig for comparison (insets). Staining for EBOV antigen was much more prominent in
this animal than LASV in the early phase. The spleen H&E stain reveals lymphocytolysis and lymphoid depletion. The IHC reveals intense EBOV staining in the presence of
lymphocytolysis and lymphoid depletion. LASV staining was light. The Liver H&E stain shows multifocal hepatocyte necrosis and sinusoidal fibrin thrombi. There is heavy
focal staining of EBOV antigen in the liver. LASV IHC staining was not determined (ND).

Table 1. Summary of Pathologic Findings in guinea pigs exposed to LASV and EBOV simultaneously by the subcutaneous route.

Early (8-9) Mid (10-11) Late (14-15)

Tissue Pathologic Finding LASVCEBOV LASVCEBOV LASVCEBOV LASVCEBOV LASVCEBOV LASVCEBOV

Liver Necrosis CCC CCC CCC CCC C C
Fibrin/Hemorrhage CC C C CC
Neutrophilic Inflammation CC CC C

Spleen Lymphocytolysis CCCC C CC CCCC C
Lymphoid Depletion CCC CC CC CCC CC
Fibrin Deposition CCCC CC CCC CCCC CC CC
FRC Hyperplasia CCC CC C CC

LN – Mesenteric Lymphocytolysis CCCCC CCCC CC CCCCC C C
Lymphoid Depletion CCCC CC CCC CCCCC
Fibrin Deposition C C C C

LN – Mediastinal Lymphocytolysis CC CCC
Lymphoid Depletion CC
Fibrin Deposition C CC

Lung Inflammation CC C C C CC
Adrenal Gland Cortical Cell Necrosis C C CC C
Kidney Tubular Necrosis/Apoptosis C
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observational and pathologic study of this coinfection model
revealed that despite showing three distinct phases of mor-
bidity, the coinfected guinea pigs tended to experience dis-
ease signs typical of either LASV or EBOV exposure. There
were no unique disease signs observed in the coinfected
guinea pigs, and histology and IHC staining patterns did
not reveal unique disease pathology. We were able to show
that although LASV and EBOV are capable of infecting the
same myeloid cell types in the periphery,18-21 the ultimate
target cell ranges of these viruses in the tissues do not over-
lap in the coinfected guinea pigs. Due to the high back-
ground staining and non-specific binding that we observed
with traditional antibody-based staining techniques, we
adapted an in situ hybridization (ISH) technique using
virus-specific nucleic acid probes to analyze the tissues from
coinfected guinea pigs. We found this method to be more
sensitive and accurate for differentiating coinfected samples
than IHC and IFA, and it allowed us to more precisely
detect virus in a variety of infected tissues. Using the ISH

technique, we were able to track the dynamics of EBOV
and LASV antigen in selected tissues over time in the coin-
fected animals, revealing that EBOV was the dominant anti-
gen present in animals that succumbed in the early phase,
that both viruses were present in animals succumbing in
the mid phase, and that LASV was the predominant antigen
present in animals that succumbed in the late phase.

While the results of this multiagent vaccine efficacy study in
guinea pigs is quite encouraging, our ability to fully investigate
the host immune response to the vaccine and virus exposure,
especially in the co-infected group, is hampered by the general
lack of availability of guinea-pig specific immune assays and
reagents. In order to more directly assess the durability of pro-
tection against each virus in our multiagent DNA vaccine for-
mulation, a study in which guinea pigs are vaccinated and held
for a longer period of time prior to virus exposures would be
advantageous. We are currently attempting to secure funding
to continue to refine this work in the guinea pig model prior to
screening in primates.

Figure 6. Merged immunofluorescent images of lung, liver and spleen tissues from Co-infected GPs stained for EBOV (green) and LASV (red) antigens. EBOV staining was
more prominent in tissues at the early stage. Both EBOV and LASV antigens are present in tissues at mid phase, and predominantly LASV antigens are present in the late
phase samples. The absence of yellow color in these images indicates that LASV and EBOV did not infect the same cell populations in the target tissues. Background fluo-
rescence is apparent, as is nonspecific staining of the LASV antibody in endothelial tissue, which is a previously observed issue with the antibody used.
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Conclusion

Our results provide a foundation for future studies on under-
standing and preventing disease in regions of the world
where both LASV and EBOV are present. In future experi-
ments, we intend to further assess the samples collected dur-
ing this study, and to characterize the immune responses
elicited by the vaccines. Although we can measure antibody
responses using ELISA or neutralization tests, there is limited
data to suggest a correlation with antibody development and
disease protection. Cell mediated immunity is difficult to
evaluate in the guinea pig model due to the lack of available
reagents; however, we aim to gain some basic insights into
how the multi-agent vaccine was able to stimulate strong,
virus-specific, and lasting immune responses to both viruses
simultaneously by planned proteomic and transcriptomic
analysis of samples collected during this study. In addition,
samples collected for the mock-vaccinated guinea pigs will
allow us to elucidate the natural history and immune
response to coinfection with LASV and EBOV and potentially
identify common pathways that could be exploited for further
vaccine or therapeutics development. Finally, we plan to
explore the ability to protect against other routes of exposure,
including aerosol or intranasal, and to include other viruses
or other strains of LASV and EBOV in vaccine formulations.
The success of this initial proof-of-concept study indicates
that multiagent DNA-based vaccine strategies represent a via-
ble approach for development of medical countermeasures
against biodefense targets.

Materials and methods

DNA vaccines

The construction of the codon-optimized LASV-GPC DNA vac-
cine is described elsewhere.16 Briefly, the published sequence for
LASV GPC gene, Josiah strain, (Genbank Accession number
AY628203.1) was used as the basis of the vaccine construct. The

sequence was optimized for expression in Cavia Porcellus by
GeneArt The optimized sequence was synthesized and cloned into
the NotI/BglII site of expression vector pWRG7077 (Powdermed)
to create the LASV-GPC vaccine plasmid. The sequence of the
EBOV (Kikwit 1995 strain) glycoprotein gene was also optimized
to yield the same GP expression product as previously reported.
(Genbank accession number AAQ55048) was also codon-opti-
mized, and the optimization process resulted in the ablation of the
7U/8U editing site thus this plasmid does not express the soluble
version of the EBOV GP. The optimized gene was cloned into the
pWRG7077 expression plasmid, and is described elsewhere.12,22

Research grade LASV and EBOV vaccine plasmids used in this
study were manufactured by Aldevron (Fargo, ND). The
pWRG7077 empty plasmid was used for all Mock vaccinations.

Virus strains

Guinea pig-adapted LASV, Josiah strain, was derived from a
human clinical sample obtained from the CDC (CDC #
800789) and received at USAMRIID in August of 1978. Prior
to shipping to USAMRIID, the serum sample had been pas-
saged three times in VERO cells at the CDC. At USAMRIID,
the virus was passaged once in VERO cells, then 1000 plaque
forming units (PFU) of this stock were subcutaneously injected
into Strain 13 guinea pigs which were then euthanized 7 days
postinfection. Clarified spleen homogenates were quantified by
plaque assay, then spleen homogenate containing 1000 PFU of
LASV was passaged into another set of guinea pigs. On the
eighth such passage, the virus was uniformly lethal in guinea
pigs, and a clarified spleen homogenate from this eighth pas-
sage was used to infect monolayers of VERO cells. Supernatants
from this VERO passage were collected, centrifuged to clarify
and then placed in 1 ml aliquots for storage at -80�C. One addi-
tional passage of this stock occurred in 2010, which is the
source of LASV used in this study.14,16 A target dose of 1000
PFU was used for the experiments.

Figure 7. A newly adapted ISH technique using nucleic acid probes on formalin fixed- tissues reveals more specific staining patterns for LASV and EBOV antigens. Staining
patterns differ in the co-infected GPs dependent upon disease progression (early, mid, and late). Tissues from animals that succumbed early had prominent staining of
EBOV antigen in lung, liver and spleen. Moderate staining of LASV was also present in liver and spleen in the early sample. Both viruses stained with relatively equal inten-
sity in the mid phase samples in liver and spleen, but only EBOV was detected in lung at the mid phase. EBOV antigen was still detected in the spleen at low levels during
the late phase, but LASV antigen was detected at a much higher level in this tissue, as well as being present in high levels in the lung and liver. The uninfected control
samples demonstrate the specificity of the nucleic acid probe staining technique.
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Guinea pig-adapted EBOV was derived by passage of a fatal
human clinical isolate of EBOV, Mayinga strain, four times
through guinea pig spleens as described above for guinea pig
adapted LASV. The clarified spleen homogenate from the fourth
passage was then passaged once through Vero E6 cells. One addi-
tional passage of this stock through VERO E6 cells occurred in
2009.15 A target dose of 1000 PFU was used for the experiments.

Guinea pig studies

Research was conducted under an IACUC approved protocol in
compliance with the Animal Welfare Act, PHS Policy, and other
Federal statutes and regulations relating to animals and experi-
ments involving animals. The facility where this research was con-
ducted is accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care, International and
adheres to principles stated in the Guide for the Care and Use of
Laboratory Animals, National Research Council, 2011. Strain 13
guinea pigs (8 per group) received two intradermal vaccinations
immediately followed by electroporation, spaced four weeks apart
and consisting of either 50 mg of each (low dose) or 100 mg of
each (high dose) DNA vaccine or a mock vaccine at discrete sites
on the shaved abdomens. Five weeks following the second vaccina-
tion, guinea pigs were exposed to a 1000 PFU target dose of Lassa
virus via subcutaneous (SQ) exposure, EBOV via intraperitoneal
(IP) exposure, or 1000 PFU target doses of both viruses simulta-
neously (LASV via SQ and EBOV via IP). Guinea pigs were moni-
tored daily and assessed for development of disease signs. Weight
and temperature data was collected and recorded daily. Guinea
pigs that became moribund were humanely euthanized in accor-
dance with IACUC-approved criteria. In order to understand the
pathology of LASV/EBOV coinfection in guinea pigs, a subset of
LASV-exposed, EBOV-exposed and LASVCEBOV-exposed
guinea pigs were selected for pathologic analysis.

Strain 13 guinea pigs that received the low dose vaccine and
survived the primary LASV only or EBOV only challenge were
held for approximately 90 days in BSL-4 pending a cross-chal-
lenge experiment. In this experiment, guinea pigs that initially
were exposed to LASV alone and survived to the primary study
endpoint were exposed to a target subcutaneous dose of 1000
PFU EBOV, and guinea pigs that initially were exposed to
EBOV alone and survived were exposed to a target subcutane-
ous dose of 1000 PFU of LASV. Guinea pigs were monitored
daily and assessed for development of disease signs. Weight
and temperature data was collected and recorded daily. Guinea
pigs that became moribund were humanely euthanized in
accordance with IACUC-approved criteria.

Detection of antigen-specific IgG

ELISAs were performed on plasma from blood samples col-
lected prior to the first vaccination, one week after the second
vaccination, and weekly starting on the day of virus exposure.
ELISA kits for EBOV-GP were custom prepared by Zalgen, Inc.
Antigen for LASV-GP ELISA kit was generously provided by
Erica Ollmann Saphire of The Scripps Research Institute. The
antigen was coated onto plates by Zalgen, Inc. and provided to
the investigators for use in this study. Manufacturer’s instruc-
tions were followed, with the exception of the anti-human IgG

HRP-conjuaged antibody being substituted for a goat-anti-
guinea pig IgG-HRP conjugate (Novex, Life Technologies).
Briefly, plasma from guinea pigs were pooled within each treat-
ment/exposure group for each blood collection timepoint.
Two-fold serial dilutions were performed on these samples and
incubated on the antigen-coated ELISA plates at room temper-
ature, followed by a 4x wash, and a second incubation with a
1:10000 dilution of the HRP-conjugate antibody. After a final
wash, the plates were developed with the substrate solution pro-
vided in the kits, a stop solution was applied, then the plates
were read on a plate reader at 450 nm. There was no positive
control available to use in order to quantify the antibody
response, so changes in absorbance values over time compared
to the first pre-vaccination blood sample for each pooled group
was used to determine the development of antigen-specific
antibodies.

Analysis of tissues

Necropsies were performed on a subset of guinea pigs immedi-
ately following euthanasia in the USAMRIID BSL 4 laboratory.
Tissues from major organ systems were collected, immersion
fixed in 10% neutral buffered formalin and held in biocontain-
ment for a minimum of 21 days. Histopathology samples were
routinely processed, embedded in paraffin, sectioned and
stained with hematoxylin and eosin. Immunohistochemistry
was performed on replicate tissue sections for both partial and
full necropsies using an Envision kit (Dako). A mouse mono-
clonal antibody specific for Lassa virus GP1 (USAMRIID clone
#52-2074-7A) was used at a dilution of 1:15000. After deparaf-
finization and peroxidase blocking, an antigen retrieval step
was performed using a TRIS/EDTA buffer in a steamer for 30
minutes. Tissue slides were covered with primary antibody,
incubated at room temperature for 30 minutes and rinsed. The
secondary antibody, a peroxidase-labeled polymer, was applied
for 30 minutes and the slides rinsed again. Substrate-chromo-
gen solution (DAB, Dako) was applied for five minutes; the
slides were rinsed in distilled water, counterstained with hema-
toxylin for two minutes, dehydrated, cleared with xyless and
then coverslipped. Slides were examined with a Nikon Eclipse
600 light microscope.

For immunofluorescent antibody staining, the formalin-
fixed paraffin embedded guinea pig tissue sections were depar-
affinized and rehydrated through a series of graded ethanol.
After 0.1% Sudan black B (Sigma) treatment to quench auto-
fluoresence, the sections were boiled in citrate buffer (pH 6.0)
for 15 minutes to unmask antigen. After rinses with PBS (pH
7.4), the section were blocked with PBS containing 5% normal
goat serum overnight at 4�C. Then the sections were incubated
with mouse monoclonal anti-LASV (USAMRIID clone #52-
2074-7A) and rabbit polyclonal anti-EBOV GP (USAMRIID)
antibodies for 2 hours at room temperature. After rinses with
PBS, the sections were incubated with secondary Alexa Fluor
488 conjugated goat anti-rabbit antibody and Alexa Fluor 561
conjugated goat anti-mouse antibody for 1 hour at room tem-
perature. Sections were cover slipped using the Vectashield
mounting medium with DAPI (Vector Laboratories). Images
were captured on a Zeiss LSM 780 confocal system and proc-
essed using ImageJ software.
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In situ hybridization (ISH) analysis was performed using
RNAscope� 2.5 HD RED kit according to the manufacturer’s
instructions (Advanced Cell Diagnostics, Hayward, CA).
Briefly, 20 ZZ probes set targeting to 466–1433 of Lassa genome
with GenBank accession number KM821901.1 and 20ZZ
probes set targeting to the compliment strand of 1673–2598 of
EBOV Zaire genome with GenBank accession number J04337.1
were synthesized. After deparaffinization and peroxidase block-
ing, the sections were heated in antigen retrieval buffer and
then were digested by proteinase. The section were covered
with ISH probes and incubated at 40�C in hybridization oven
for two hours. They were rinsed and the ISH signal is amplified
by applying Pre-amplifier and Amplifier conjugated with HRP.
A red substrate-chromogen solution was applied for 10 minutes
at room temperature. The slides were further stained with
hematoxylin, air dried, and mounted.
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