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ABSTRACT

Several members of the Arenaviridae can cause acute febrile diseases in humans, often resulting in lethality. The use of convales-
cent-phase human plasma is an effective treatment in humans infected with arenaviruses, particularly species found in South
America. Despite this, little work has focused on developing potent and defined immunotherapeutics against arenaviruses. In
the present study, we produced arenavirus neutralizing antibodies by DNA vaccination of rabbits with plasmids encoding the
full-length glycoprotein precursors of Junín virus (JUNV), Machupo virus (MACV), and Guanarito virus (GTOV). Geometric
mean neutralizing antibody titers, as measured by the 50% plaque reduction neutralization test (PRNT50), exceeded 5,000
against homologous viruses. Antisera against each targeted virus exhibited limited cross-species binding and, to a lesser extent,
cross-neutralization. Anti-JUNV glycoprotein rabbit antiserum protected Hartley guinea pigs from lethal intraperitoneal infec-
tion with JUNV strain Romero when the antiserum was administered 2 days after challenge and provided some protection
(�30%) when administered 4 days after challenge. Treatment starting on day 6 did not protect animals. We further formulated
an IgG antibody cocktail by combining anti-JUNV, -MACV, and -GTOV antibodies produced in DNA-vaccinated rabbits. This
cocktail protected 100% of guinea pigs against JUNV and GTOV lethal disease. We then expanded on this cocktail approach by
simultaneously vaccinating rabbits with a combination of plasmids encoding glycoproteins from JUNV, MACV, GTOV, and Sa-
bia virus (SABV). Sera collected from rabbits vaccinated with the combination vaccine neutralized all four targets. These find-
ings support the concept of using a DNA vaccine approach to generate a potent pan-arenavirus immunotherapeutic.

IMPORTANCE

Arenaviruses are an important family of emerging viruses. In infected humans, convalescent-phase plasma containing neutraliz-
ing antibodies can mitigate the severity of disease caused by arenaviruses, particularly species found in South America. Because
of variations in potency of the human-derived product, limited availability, and safety concerns, this treatment option has essen-
tially been abandoned. Accordingly, despite this approach being an effective postinfection treatment option, research on novel
approaches to produce potent polyclonal antibody-based therapies have been deficient. Here we show that DNA-based vaccine
technology can be used to make potently neutralizing antibodies in rabbits that exclusively target the glycoproteins of several
human-pathogenic arenaviruses found in South America, including JUNV, MACV, GTOV, and SABV. These antibodies pro-
tected guinea pigs from lethal disease when given post-virus challenge. We also generated a purified antibody cocktail with anti-
bodies targeting three arenaviruses and demonstrated protective efficacy against all three targets. Our findings demonstrate that
use of the DNA vaccine technology could be used to produce candidate antiarenavirus neutralizing antibody-based products.

Viruses of the Arenaviridae family chronically infect rodents
throughout the world (reviewed in reference 1). Many mem-

bers of this family can cause human diseases through exposure to
infected rodent excreta and secreta. Arenaviruses are divided into
two complexes, Old World (OW) and New World (NW), based
on initial geographical isolation and serological cross-reactivity.
OW viruses include the most prominent human arenavirus
pathogen, Lassa virus (LASV). NW arenaviruses include a large
group of viruses found in North and South America and is further
categorized into clades A, B, and C (2). NW arenaviruses patho-
genic to humans are exclusively from clade B and include Junín
virus (JUNV), Machupo virus (MACV), and Guanarito virus
(GTOV). JUNV is the most significant human pathogen of the
NW group and is the causative agent of Argentine hemorrhagic
fever (AHF) (3). MACV and GTOV are the causative agents of
Bolivian HF and Venezuelan HF, respectively. Human infection

by JUNV, MACV, or GTOV can result in a febrile disease associ-
ated with various degrees of vascular leakage (hemorrhage) and
occasional concomitant neurological manifestations (4). Some
develop a systemic inflammatory response syndrome that pro-
gresses to multiple-organ failure and death in 15 to 30% of cases.
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In addition to JUNV, MACV, and GTOV, other human-patho-
genic HF arenaviruses, Sabia virus (SABV) and Chapare virus
(CHPV), have emerged more recently in South America (5, 6).
Likewise, White Water arroyo virus has also recently been associ-
ated with HF in humans residing in North America (7). Accord-
ingly, arenaviruses are an important group of emerging and re-
emerging human pathogens in the Americas.

No postexposure countermeasures are currently licensed to
prevent arenavirus disease in infected humans. Passive transfer of
human plasma-derived antibodies has been shown to protect hu-
mans against disease caused by LASV, JUNV, and MACV in a
postexposure setting (8–10). Passive protection against LASV,
JUNV, and MACV has also been demonstrated using hyperim-
mune serum targeting the whole virus in guinea pig and nonhu-
man primate lethal disease animal models (11–13). The most clear
evidence that the use of antibodies is a viable treatment option has
been demonstrated in humans infected with JUNV, in whom im-
mune plasma has served as a routine postexposure antiviral since
the 1970s (14). Implementation of this treatment reduced AHF
case fatality rates from 15 to 30% to less than 1%. Antibody-based
therapeutic intervention against AHF is extremely successful even
if initiated 8 days after symptoms appear (8). Antibody treatment
has few adverse effects, the most severe of which is that 10% of
immune plasma-treated patients develop late-stage neurological
sequelae several weeks posttreatment that subsequently resolve
(8). Immune plasma was procured initially from AHF survivors
and subsequently from persons vaccinated with the JUNV vac-
cine, Candid#1. A major limitation to the use of antibodies for
treatment of arenavirus HF is significant variation in the potency
of the human-derived product. Enria et al. developed a standard-
ized method for the dosage of therapeutic antiarenavirus antibod-
ies (15). Using this standardized method, they reported that a
minimal neutralizing antibody titer of 3,000 therapeutic units
(TU) was needed to protect infected humans and that concentra-
tions below this provided protection that was not statistically sig-
nificantly different from that in untreated patients. Other hurdles
in the use of therapeutic antibodies to treat arenavirus HF are
limited availability and safety concerns with the use of human
products. These concerns led to the abandonment of this option
for treatment of JUNV infections, and it was replaced with an
attenuated vaccine termed Candid#1 (16). Currently, Candid#1 is
used to prevent JUNV infection in Argentina. However, this vac-
cine is unlikely to function as a postexposure therapeutic, and its
use is limited to high-risk populations. Accordingly, to mitigate
the threat of arenavirus zoonoses, the development of platforms
that consistently produce potently neutralizing antibodies against
multiple arenavirus targets while minimizing safety concerns with
the use of human products are warranted.

Arenaviruses carry a bisegmented ambisense RNA genome
consisting of large (L) and small (S) segments that encode five
distinct proteins (1). The L segment encodes both the matrix-like
Z protein and the RNA-dependent RNA polymerase, termed the L
protein. The S segment encodes the nucleoprotein (NP) and the
glycoproteins, GP1 and GP2. The glycoproteins are initially ex-
pressed as a precursor polypeptide, GPc, which is proteolytically
cleaved within the Golgi apparatus by SK1/S1P, forming GP1 and
GP2 (17). Unique among viral glycoproteins, the GPc precursor
also carries a stable secretion signal (SSP) which remains part of
the glycoprotein complex and plays a role in trafficking and viral
fusion (18). Processing of GPc results in a tripartite complex

where the outermost molecule, GP1, caps GP2 on the envelope
surface while held in place by ionic bond interactions with the SSP,
localized in close association with GP2 (19). GP1 is the virus at-
tachment protein and, for clade B NW arenaviruses, binds to tar-
get cells via transferrin receptor 1 (20). GP2 mediates acidic pH-
facilitated viral fusion upon internalization into the endosomal
pathway (19). During viral replication, NP is the most abundant
protein produced and is a major target of the humoral response
(1). Antibodies also target both GP1 and GP2 (21–23). Owing to
its location as the outermost virion protein and its involvement in
receptor binding, GP1 is the sole target of known neutralizing
antibodies (23, 24).

DNA vaccination involves the delivery of genetic information
encoding a target antigen directly into host cells (25). Subsequent
expression of the gene product(s) within the host leads to adaptive
immune responses, including both cellular and humoral re-
sponses. This technology has been used in the development of
candidate vaccines against a multitude of viruses, including coro-
naviruses (26), orthopoxviruses (27), and hantaviruses (28). DNA
vaccine technology can produce potently neutralizing antibodies
that are effective immunotherapeutics and can protect in lethal
disease models (26, 29, 30). Here we exploited DNA vaccine tech-
nology exclusively targeting South American arenavirus glycopro-
teins to generate highly potent neutralizing antibodies in rabbits.
Using these antibodies, we explored their protective efficacy
against infection by JUNV, MACV, and GTOV in the Hartley
guinea pig disease model.

MATERIALS AND METHODS
Viruses and cells. The attenuated JUNV strain Candid#1 was obtained
from the U.S. Army Medical Research Institute of Infectious Diseases
(USAMRIID). Early-passage stocks of virulent JUNV strain Romero,
MACV strain Carvallo, GTOV strain IHD95551, and SABV strain
SPH114202 were obtained from the USAMRIID select agent inventory.
All strains of arenaviruses were propagated in Vero cell monolayers
(ATCC CRL-1587) in Eagle minimal essential medium containing 10%
heat-inactivated fetal bovine serum (FBS), 1% antibiotics (100 U/ml pen-
icillin, 100 �g/ml streptomycin), and 10 mM HEPES (cEMEM).
HEK293T (293T) cells were used for all transfection assays and were also
maintained in cEMEM. Work with virulent arenaviruses was performed
in biosafety level 4 (BSL4) containment areas.

Cloning. The codon-optimized full-length arenavirus glycoprotein
(GPc) genes were synthesized de novo (GeneWiz; South Plainfield, NJ).
With the exception of the JUNV sequence, the sequences of the glycopro-
tein genes were derived from NCBI reference sequences (MACV strain
Carvallo, accession no. NP_899212.1; GTOV strain INH95551, accession
no. NP_899210.1; and SABV strain SPH114202, accession no.
YP_089665). For the JUNV glycoprotein, the XJ13 sequence (accession
no. NP_899218.1) was modified to include a P208L amino acid change.
The JUNV nucleoprotein (NP) (accession no. AY746353) was also syn-
thesized de novo. Genes were cloned into the NotI and BglII sites of the
pWRG7077 vector and verified by sequence analysis. The constructs were
named pWRG/JUN-GPc(opt), pWRG/MAC-GPc(opt), pWRG/GTO-
GPc(opt), and pWRG/SAB-GPc(opt). The JUNV NP DNA plasmid was
designated pWRG/JUN-NP(opt).

Constructs encoding the GP1 (nucleotides 174 to 718) and GP2 (nu-
cleotides 718 to 1456) portions of the full-length JUNV GPc were created
by PCR. GP1 was generated using the 5= primer GGGGGCTAGCATGG
AGGCCTTCAAAATCGGACTCCACAC and the 3= primer GGGGAGAT
CTTCATCACCGGGTGAGAAAGTGGAGTG. GP2 was created using
the 5= primer GGGGCTAGCGGCAAAAACATTCAGCTGCCTAGGA
GAT and the 3= primer GGGGAGATCTTCATCAATGCCCCCTCCGC
CAC. For both GP1 and GP2, the forward primers generated an NheI site
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and the reverse primers created a BglII site and also included a stop codon.
PCR products were cloned into the NheI and BglII sites of a modified
pWRG7077 (pWRG/CBDfuse) vector containing the cell-binding do-
main (CBD) of the orthopoxvirus type I interferon binding protein. Fu-
sion of gene products in frame with the CBD (C-terminal fusion) allows
the cell surface localization of exogenously expressed fusion products (31;
data not shown).

DNA vaccination. Rabbits were vaccinated by either intramuscular
electroporation (i.m. EP) (monovalent vaccine study) or i.m. disposable
syringe jet injection (DSJI) (multivalent vaccine study). i.m. EP (Ichor
Medical Systems Inc., San Diego, CA) vaccinations consisted of injection
of 1 mg/ml plasmid DNA per vaccination in a 0.4-ml volume. Vaccina-
tions using i.m. EP were performed at Aldevron LLC under internally
approved animal protocols separate from those of USAMRIID. Rabbits
used in the multivalent vaccine study were vaccinated with an i.m. needle-
free DSJI device (Pharmajet). Plasmids carrying the glycoprotein genes
from JUNV, MACV, GTOV, and SABV were combined at a concentration
of 0.125 mg per plasmid (0.5 mg total) in phosphate-buffered saline (PBS)
in a total volume of 0.5 ml per injection. Sera were collected from animals
after days 0, 42, 56, and 70. For some studies, purified IgG antibodies were
used instead of antisera. IgG fractions were isolated from antisera by using
protein G monoclonal antibody (MAb) trap columns (GE Healthcare) in
accordance with the manufacturer’s protocol.

Flow cytometry. 293T cell monolayers in T25 flasks were transfected
with the indicated constructs by use of Fugene 6 (Promega). Transfected
cells were incubated for 48 to 72 h in a 37°C incubator with 5% CO2. Cells
were detached by gentle tapping, pelleted by centrifugation at 750 � g, and
resuspended in 200 �l of fluorescence-activated cell sorter (FACS) buffer
(PBS, 5% FBS). Murine MAbs targeting JUNV GP (MAb-GB03 and
MAb-QC03), a negative-control MAb (MAb-2G11; targets a poxvirus
protein), or rabbit antiserum (1:100 dilution) was added and incubated
with cells for 1 h at room temperature. The anti-JUNV murine MAbs were
obtained through BEI Resources. MAb-2G11 was obtained from the
USAMIID hybridoma collection. Cells were then pelleted by centrifuga-
tion at 750 � g and washed three times with FACS buffer. Cells were then
incubated with anti-rabbit–Alexa Fluor 488 (Invitrogen) (1:500) for 30
min at room temperature, washed three times, and resuspended in 1 ml of
FACS buffer. Flow cytometry was performed on a FACSCalibur flow cy-
tometer (Becton Dickinson). Data were collected and analyzed using
FlowJo software (Tree Star Inc., Ashland, OR). A total of 10,000 cells were
analyzed for each sample by using live gating. For GP1 and GP2 surface
staining, 293T cells transfected with CBP-GP1 and CBP-GP2 were incu-
bated with fresh 293T cells for 3 h and washed with FACS buffer. Cells
were then incubated with rabbit anti-GPc antiserum from vaccinated an-
imals (1:100 dilution) and processed for flow cytometry as described
above, with the exception that an anti-rabbit secondary antibody was
used.

PRNTs. Plaque reduction and neutralization tests (PRNTs) were per-
formed essentially as previously described (32), with some variation.
Briefly, all serum samples were heat inactivated at 56°C for 30 min. The
sera were serially diluted 2-fold in 96-well titer tube racks (Bio-Rad). The
indicated arenavirus was diluted in cEMEM to obtain �75 to 100 plaques
per well in a 6-well plate and added to serum dilutions at a 1:1 ratio.
Antibody-virus mixtures were incubated overnight at 4°C. Subsequently,
180 �l of sample was adsorbed to confluent Vero cell monolayers in 6-well
plates for 1 h in a 37°C incubator with 5% CO2 and rocked for �15 min.
Following adsorption, a 2-ml solid overlay (Earle’s basal minimal essential
medium [EBME], 0.5% agarose, 5% heat-inactivated FBS, antibiotics
[100 U/ml penicillin, 100 �g/ml streptomycin, and 50 �g/ml gentamicin)
was added to each well. Plates were incubated for 6 days in a 37°C incu-
bator with 5% CO2 and 80 to 85% humidity and then stained with 2 ml of
solid overlay mixture that also included 5% neutral red (Gibco). Cells
were incubated for an additional 24 h in a 37°C incubator with 5% CO2

before plaque counting. The percent neutralization was calculated relative
to that of no-antibody controls. The titer represents the reciprocal of the

highest dilution resulting in a 50% reduction in the number of plaques.
Data were plotted using Prism software. Virus titers were determined
using the PRNT protocol, except that virus was not incubated with serum
prior to being adsorbed onto Vero cell monolayers. For titer determina-
tions, virus was diluted 10-fold, starting at a 1:10 dilution.

Arenavirus PsV production. Pseudovirions (PsV) were produced
as previously described (33, 34). Briefly, 293T cells were transfected
with pWRG/JUN-GPc(opt), pWRG/MAC-GPc(opt), or pWRG/GTO-
GPc(opt) by use of Fugene 6 (Promega) at �70% confluence. The plas-
mids produced JUN PsV, MAC PsV, and GTO PsV, respectively. After
�18 h, the cells were infected with vesicular stomatitis virus glycoprotein
expressing renilla luciferase (VSV�G*rLuc) at a multiplicity of infection
of �0.02 for 1 h at 37°C. The medium was removed, and fresh medium
was added. After 72 h at 37°C, the supernatant from infected cells was
collected and clarified by low-speed centrifugation and filtration through
a 0.22-�m filter. PsV were concentrated further by pelleting the virus
through a 30% sucrose cushion prepared in TNE buffer (10 mM Tris, 135
mM NaCl, 2 mM EDTA, pH 8.0). The pellet was resuspended and stored
at �70°C. The number of focus-forming units (FFU)/ml was determined
for the PsV as described previously (33).

Pseudovirion enzyme-linked immunosorbent assay (ELISA). Indi-
vidual PsV were used to coat 96-well high-binding microtiter plates from
stock preparations at a dilution of 1:250 in sodium carbonate buffer (pH
9.6) and incubated overnight at 4°C. The plates were washed and blocked
for 1 h at 37°C with PBS containing 0.05% Tween 20 and 5% nonfat milk.
Rabbit serum samples were initially diluted 1:100 and were then serially
diluted 10-fold and incubated for 1 h at 37°C. After incubation, the plates
were washed and then incubated with a 1:2,000 dilution of a horseradish
peroxidase (HRP)-conjugated goat anti-rabbit secondary. After incuba-
tion for 1 h at 37°C, the plates were washed and the substrate tetrameth-
ylbenzidine (TMB) was added. The reaction was stopped by the addition
of TMB stop solution after color was observed. The endpoint titer was
determined as the highest dilution that had an optical density greater than
the mean optical density for serum samples from negative-control wells
plus 3 standard deviations.

PsVNA. The pseudovirion neutralization assay (PsVNA) used to de-
tect neutralizing antibodies in sera was described previously (33). Briefly,
heat-inactivated sera were diluted 1:10, followed by 5-fold serial dilutions.
These samples were then mixed with an equal volume of cEMEM contain-
ing 105 FFU/ml of the specific pseudovirion of interest and 10% guinea pig
complement (Cedarlane). This mixture was incubated overnight at 4°C,
and then 50 �l was inoculated onto Vero cell monolayers in a clear-
bottom, black-walled 96-well plate (Corning). Plates were incubated at
37°C for 18 to 24 h. The medium was discarded, and cells were lysed
according to the protocol of a luciferase kit (Promega). A Tecan M200 Pro
machine was used to acquire the raw luciferase data. The values were
graphed using GraphPad Prism software and used to calculate the percent
neutralization normalized to cells alone and pseudovirions alone as the
minimum and maximum signals, respectively. The percent neutralization
values for triplicate serial dilutions were plotted. Fifty percent PsVNA
(PsVNA50) titers were interpolated from 4-parameter curves, and geo-
metric mean titers (GMTs) were calculated.

Passive protection studies. Female Hartley guinea pigs (300 to 400 g)
were tagged and monitored for temperature by using IPTT-3000 implants
(BMDS Inc., Seaford, DE). Implants were placed at least 1 week prior to
challenge studies. Animals were challenged with 2,000 PFU of JUNV,
MACV, or GTOV, as indicated, by intraperitoneal (i.p.) injection of virus
diluted in a total volume of 0.5 ml PBS. To standardized antibody dosages
with those in previous studies, antibody doses were calculated using the
equation TU/kg � (milliliters of antibody) � (reciprocal PRNT80 titer/
average animal weight [in kilograms]) (15). Antiserum or purified anti-
body at the indicated concentrations was injected subcutaneously (s.c.) at
the time points indicated in a total volume of 1 ml buffered with PBS.
Animals were weighed and monitored for fever daily. All challenges were
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FIG 1 Generation of anti-JUNV glycoprotein antibodies in rabbits by using i.m. EP. (A) 293T cells were transfected with pWRG/JUN-GPc(opt) and then
incubated with anti-JUNV GPc antibody MAb-GB03 (solid black line) or MAb-QC03 (dashed gray line) or the nonspecific control antibody MAb-2G11 (gray
shaded area). Cells were subsequently stained with an anti-mouse–Alexa Fluor 488 secondary antibody and analyzed on a flow cytometer. Ten thousand cells were
counted per sample, and data were plotted with FlowJo software. (B) Schematic outlining the vaccination of rabbits with pWRG/JUN-GPc(opt). Sera were
collected from vaccinated rabbits on days marked with an “S.” Lightning bolts indicate days of vaccination. (C) 293T cells were transfected as described for panel
A, except that cells were incubated with rabbit serum collected before (day 0) or after (day 42, 56, or 70) vaccination. The percentages of positive cells were
calculated based on values obtained using negative-control serum. (D) JUNV strain Candid#1 was incubated with serially diluted rabbit antisera, and plaque
formation was assayed on Vero cell monolayers by neutral red staining. PRNT50 GMTs were calculated based on the plaque formation of virus incubated with
the negative-control rabbit antibody. (E) JUNV strain Romero PRNT50 GMTs were determined as described for panel D. Dashed lines indicate the limit of
detection for the PRNT assay.
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performed in CDC-certified BSL4 containment facilities. Animals meet-
ing criteria were humanely euthanized.

Ethics. Research was conducted in compliance with the Animal Wel-
fare Act and other federal statutes and regulations relating to animals and
experiments involving animals and adhered to principles stated in the
Guide for the Care and Use of Laboratory Animals (35). The facilities where
this research was conducted are fully accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care International.

Statistical analysis. Weight loss significance was determined using
two-way analysis of variance (ANOVA) with the Bonferroni correction.
Survival statistics utilized the log rank test. The statistical significance of
PRNT titers was determined using unpaired two-tailed Student’s t test.
Significance levels were set at P values of �0.05. All analyses were per-
formed using Prism software.

RESULTS
Rabbits vaccinated by intramuscular EP, using plasmid DNA
encoding JUNV GPc, produce neutralizing antibodies. An opti-
mized full-length glycoprotein gene based on the JUNV XJ13 se-
quence with a change at position 208 (P ¡ L) was synthesized de
novo and cloned into the pWRG7077 DNA vaccine expression
vector to make pWRG/JUN-GPc(opt). Prior to vaccination stud-
ies, protein expression from pWRG/JUN-GPc(opt) was con-
firmed by flow cytometry. Anti-JUNV glycoprotein-specific
MAbs (21) interacted with the surfaces of transfected 293T cells
compared to a nonspecific control MAb, demonstrating that
pWRG/JUN-GPc(opt) produced an authentic JUNV glycopro-
tein (Fig. 1A). Next, four rabbits were vaccinated with pWRG/
JUN-GPc(opt) three times at 4-week intervals, using 1 mg of plas-
mid DNA per vaccination, by use of an i.m. EP device (Fig. 1B).
Sera were all positive for anti-GP antibodies after the second (day
42) and third (days 56 and 70) vaccinations, as assessed by flow
cytometry (Fig. 1C). Rabbit glycoprotein-specific antisera (1:100
dilution) also interacted with Vero cells infected with JUNV
strains Candid#1, XJ13, and Romero by immunofluorescence as-
say (data not shown). The capacity of antibodies to neutralize
JUNV was assessed by PRNT. Antisera from all four rabbits neu-
tralized JUNV strain Candid#1. After the second vaccination, the
PRNT50 GMT was 13,975 (Fig. 1D). This titer increased after the
third vaccination, and by day 70, the GMT was 46,915, with one
animal (animal 98) producing a PRNT50 response of 	100,000.
Serum from each rabbit also neutralized JUNV strain Romero,
with a PRNT50 GMT of 17,222 and PRNT80 GMT of 5,120 on day
70 (Fig. 1E). These findings demonstrated that it was possible to
produce high-titer neutralizing antibodies against JUNV in rab-
bits by using pWRG/JUN-GPc(opt) delivered by i.m. EP.

Production of GP1- and GP2-specific antibodies in rabbits
vaccinated with the precursor JUNV glycoprotein. We were in-
terested in determining if antibodies targeting both GP1 and GP2
were produced in rabbits vaccinated with pWRG/JUN-GPc(opt).
To this end, we designed a flow-based assay by individually fusing
the JUNV GP1 and GP2 molecules to the C-terminal end of a
cell-binding protein (CBP) derived from the orthopoxvirus type I
interferon decoy receptor (31; J. W. Golden, unpublished find-
ings). This novel technique circumvents the need to incorporate
transmembrane anchoring domains because target antigens are
secreted and this exogenous protein binds to the surfaces of mam-
malian cells. When cells are mixed with culture supernatant con-
taining the target antigen fused to CBP, there is nearly 100% la-
beling of cell populations with the target antigen, which in this
case was JUNV GP1 and GP2 molecules. Clarified medium from

293T cells transfected with a gene encoding the chimeric protein
CBP-GP1 or CBP-GP2 was incubated with nontransfected 293T
cells. Cells decorated with either CBP-GP1 or CBP-GP2 were then
incubated with antisera from all four vaccinated rabbits or with
prevaccination sera (negative control), stained with secondary
anti-rabbit fluorescent antibodies, and analyzed by flow cytom-
etry. All four rabbits developed antibodies that reacted with both
the CBP-GP1 and CBP-GP2 proteins (Fig. 2), indicating that the
polyclonal pool from each rabbit contained antibodies to both
GP1 and GP2.

Anti-JUNV glycoprotein antiserum administered postchal-
lenge protects guinea pigs from JUNV lethal challenge. The pro-
tective efficacy of DNA vaccine-produced antibodies adminis-
tered postchallenge was assessed in the Hartley guinea pig model.
Prior to infection studies, the half-life of rabbit anti-JUNV GPc
antisera in guinea pigs was determined to be 7 days (data not
shown). Next, 24 guinea pigs randomized into four groups of six
were infected with JUNV strain Romero by the i.p. route. Groups
1 to 3 were injected s.c. with 15,000 TU/kg of rabbit anti-JUNV
GPc antiserum, starting on days 2, 4, and 6 postchallenge, respec-
tively. Seven days after the initial dose (day 9, 11, or 13), a second
dose of antiserum was administered to the respective groups. As a
negative control, group 4 animals were injected with rabbit anti-
serum targeting Sin Nombre virus (SNV). This control antiserum
was produced using methods identical to those that produced the
anti-JUNV antiserum (28). All negative-control animals became
febrile (temperature of 	40.0°C) by day 7 and started losing
weight after day 8, succumbing to infection with a mean time to
death (MTD) of 14.0 days (Fig. 3). In marked contrast, no weight
loss occurred in group 1 animals receiving immune sera starting
on day 2, and all survived infection. Differences in weight loss for
group 1 were statistically significant versus control animals start-
ing on day 10 (two-way ANOVA; P � 0.05). Group 2 animals
receiving antiserum starting on day 4 lost weight starting between
days 10 and 14. Compared to that of the control group, group 2
weight loss was delayed and was statistically different starting on
day 9 (two-way ANOVA; P � 0.05). Two animals in group 2
developed late-stage paralysis, starting on days 18 and 21, and

FIG 2 Determining the presence of GP1- and GP2-specific antibodies in sera
from vaccinated rabbits. Soluble CBP-GP1 and CBP-GP2, produced by trans-
fection of 293T cells, were bound to the surfaces of fresh 293T cells. These GP1-
and GP2-decorated cells were then incubated with sera from vaccinated rab-
bits. To detect anti-GP1 and anti-GP2 antibodies, the cells were stained with an
anti-rabbit–Alexa Fluor 488 secondary antibody and analyzed on a flow cy-
tometer. Ten thousand cells were counted per sample, and data were plotted
with FlowJo software. Each colored line represents one of the four rabbits.
Normal rabbit serum functioned as a negative control (gray shaded area).
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were euthanized (Table 1). The MTD for this group was 23.5 days,
and only two animals (33%) survived infection. This delay to
death was significant compared to the MTD for control animals
(log rank test; P � 0.0012). Treatment starting on day 6 (group 3)
failed to protect animals from lethality but did extend the MTD to
day 19.0, which was statistically significant versus that for control
animals (log rank test; P � 0.0005). Each animal in group 3 devel-
oped paralysis beginning between days 16 and 21 (Table 1). One
animal died (day 18) and five were euthanized between days 16

and 21. Similar to the group 2 result, there was a significant delay
in weight loss compared to that of control animals starting on day
12 (two-way ANOVA; P � 0.05). Hyperthermia was observed in
all guinea pigs treated with JUNV-specific antiserum. However,
peak fever levels were delayed in animals receiving antibody com-
pared to control guinea pigs (Fig. 3D and data not shown).

Sera from euthanized (see Table 1 for time points) or surviving
(day 30) animals were analyzed for anti-nucleoprotein antibody.
With one exception (animal 14), animals that survived challenge
or were euthanized due to paralysis had antibodies against JUNV
NP (Table 1). We also investigated if neutralizing and/or binding
anti-glycoprotein antibody was produced in infected guinea pigs.
Neutralizing antibodies were detected in the sera of most surviv-
ing or euthanized animals, with the exception of two animals from
group 3 (animals 14 and 15) (Fig. 3E). The highest neutralizing
titers were observed in the three surviving animals from group 3
(PRNT50 GMT of 640). PRNT50 GMTs for groups 1 and 3 were
285 and 40, respectively. Because the neutralizing antibody could
have been residual passively transferred rabbit antibody, we inves-
tigated if guinea pigs had guinea pig-specific anti-glycoprotein
antibodies by flow cytometry. Guinea pig-specific anti-glycopro-
tein antibodies were detectable in all samples, with the exception
of one (from animal 14) (Table 1). We next investigated if any
infected guinea pigs had detectable viremia. Indeed, the two ani-
mals in group 3 lacking PRNT50 titers had detectable viremia, with
titers of 2 � 102 PFU/ml and 1.4 � 103 PFU/ml on days 18 and 21,
respectively. Viremia was undetectable in all other animals. Over-
all, these findings indicate that 15,000 TU/kg of DNA-vaccinated
rabbit antiserum targeting JUNV glycoprotein, delivered starting
between 2 and 6 days after challenge, can prevent or delay lethal
disease in guinea pigs but that complete protection occurs only
when treatment is initiated within 2 days after challenge.

We investigated the kinetics of viremia in guinea pigs infected
with JUNV. Fifteen animals were challenged with JUNV strain
Romero by the i.p. route. On days 4, 6, 8, 10, and 12, three animals
were bled and serum viremia was determined by plaque assay.
Viremia was undetectable until day 6, when titers were detected in
two of three animals, with a GMT of 27 PFU/ml (Fig. 3F). Titers
rose precipitously thereafter, with a day 12 GMT of 2.2 � 106

PFU/ml (one animal in the day 12 group died before serum could
be collected). Thus, in guinea pigs, JUNV viremia is detectable
starting on day 6 and peaks at the MTD, at �106 PFU/ml.

Generation of neutralizing antibodies against other human-
pathogenic South American arenaviruses by using i.m. EP in
rabbits. We next produced neutralizing antibodies against two
other South American arenaviruses. DNAs encoding the full-
length glycoproteins of MACV strain Carvallo [plasmid pWRG/
MAC-GPc(opt)] and GTOV strain INH9555 [plasmid pWRG/

FIG 3 Rabbit antiserum protects guinea pigs from lethal disease when administered postinfection. (A) Experimental layout. Guinea pigs were infected i.p. with
2,000 PFU of JUNV. Animals were injected s.c. with anti-JUNV or negative-control antiserum diluted in PBS at the indicated time points. (B) Survival was plotted
for up to 30 days postinfection by using Prism software. The dashed line indicates 50% survival. (C) Individual weights were calculated based on day 0 starting
weights. The left panel shows weights of surviving animals. The right panel shows weights of nonsurvivors. (D) Maximum temperatures were graphed over a
28-day period. A skull-and-crossbones symbol indicates an infection nonsurvivor. An asterisk represents an animal whose temperature implant was reading
erroneously. The dashed line indicates the normal maximum temperature for guinea pigs. (E) PRNT50 titers against JUNV strain Romero of sera from euthanized
(see Table 1 for days of death) and surviving (day 30) animals postchallenge were analyzed as described in the legend to Fig. 1. The dashed line indicates the limit
of detection of the PRNT assay. For all panels, red data indicate an animal that developed paralysis. ND, not done because serum was unavailable for analysis. (F)
Viremia in infected guinea pigs was determined at the indicated time points by plaque formation on Vero cell monolayers. The dashed line indicates the limit of
detection of the assay. Three guinea pigs were examined per time point, with the exception of day 12, when only two animals were screened for viremia. Note that
the graph is on a log scale.

TABLE 1 Summary of results for animals given anti-JUNV antiserum
following JUNV challengec

Animal
no.

Start day of
antiserum
treatment

Day of
death

Serum titer
(PFU/ml)

NP
positivea

GP
positivea

Paralysis (day
of paralysis
onset)b

1 2 NA �10 

 
 N
2 2 NA �10 

 
 N
3 2 NA �10 


 
 N
4 2 NA �10 

 
 N
5 2 NA �10 

 
 N
6 2 NA �10 

 
 N
7 4 21 �10 


 
 Y (21)
8 4 18 ND ND ND N

9 4 16 ND ND ND N
10 4 26 ND ND ND Y (18)
11 4 NA �10 

 
 N
12 4 NA �10 

 
 N
13 6 18 �10 
 
 Y (16)
14 6 18 2.0 � 102 � � Y (18)
15 6 21 1.4 � 103 

 
 Y (21)
16 6 18 �10 

 
 Y (18)

17 6 18 �10 
 
 Y (18)
18 6 18 ND ND ND Y (16)
19 CNTL 15 ND ND ND N
20 CNTL 12 ND ND ND N
21 CNTL 14 ND ND ND N
22 CNTL 14 ND ND ND N
23 CNTL 16 ND ND ND N
24 CNTL 14 ND ND ND N
a 293 cells were transfected with either an NP- or GP-expressing plasmid and incubated
with the indicated guinea pig serum followed by an anti-guinea pig secondary antibody
conjugated to Alexa Fluor 488. The percentage of positive cells was determined using
flow cytometry and FlowJo software. 
, 2 times the background; 

, 3 times the
background; 


, 	4 times the background; �, negative result.
b Paralysis onset began uniformly with hind limb paralysis. Y, paralysis present; N, no
paralysis.
c PRNT50 assays were performed using JUNV strain Romero (challenge virus). NA, not
applicable; ND, not done because the animal succumbed to disease before samples
could be taken; CNTL, control.
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GTO-GPc(opt)] were constructed. Two groups of four rabbits per
target were vaccinated three times at 4-week intervals by i.m. EP
with the MACV or GTOV GPc DNA vaccine. Anti-MACV antise-
rum neutralized MACV by the second vaccination, and the titer
increased slightly after the third vaccination, with a final PRNT50

GMT of 5,120 (Fig. 4A). Similarly, anti-GTOV antiserum neutral-
ized GTOV after the second vaccination, with a final PRNT50

GMT of 10,240 (Fig. 4B). These data demonstrated that DNA
vaccination can be used to produce highly potent neutralizing
antibodies against multiple NW arenaviruses.

Cross-binding and neutralization of glycoprotein-specific
antibodies targeting South American arenavirus GPs. We eval-
uated antibodies produced against JUNV, MACV, and GTOV to
determine the levels of cross-binding and cross-neutralization.
Cross-binding of antibodies targeting the glycoproteins of JUNV,
MACV, and GTOV was examined by ELISA, using VSV�G parti-
cles pseudotyped with glycoproteins from the targeted arenavi-
ruses (JUNV, MACV, and GTOV) as antigens. Antisera from all
four rabbits vaccinated with MACV-GPc but not GTOV-GPc
bound the JUNV glycoprotein, with a log10 GMT of 3.2 (Fig. 5A).
This titer was lower than the log10 GMT of 4.7 for homologous
antisera targeting JUNV. Anti-JUNV glycoprotein antisera from
all four rabbits interacted with the MACV antigen, with a log10

GMT of 2.0. This was 2 orders of magnitude lower than that for
homologous antisera targeting MACV, which had a log10 GMT of
4.0. Anti-GTOV glycoprotein antibodies from a single rabbit
cross-reacted with the MACV glycoprotein, with a log10 titer of
2.0, but the overall log10 GMT for this group was 1.2. All JUNV
and two MACV glycoprotein antiserum samples cross-reacted
with the GTOV antigen, with log10 GMTs of 2.0 and 1.5, respec-
tively. These titers were much lower than that of homologous
GTOV antiserum, which produced a log10 titer of 5.0. These data
revealed that some cross-antibody binding existed between anti-
bodies from JUNV, MACV, and GTOV DNA-vaccinated rabbits.
This cross-binding was highest between MACV and JUNV sam-
ples.

To determine if cross-binding corresponded with cross-neu-
tralization, we investigated the ability of antibodies to cross-neu-
tralize VSV�G particles pseudotyped with glycoproteins from
JUNV, MACV, and GTOV. All rabbits showed a detectable neu-
tralization response against pseudotyped particles expressing the
homologous glycoprotein (Fig. 5B). The PsVNA50 GMTs were
similar to those against authentic virus (Fig. 1C and 4). Of the four
anti-MACV glycoprotein samples that cross-bound with the

JUNV glycoprotein, only those from two rabbits (animals 99 and
101) neutralized particles pseudotyped with the JUNV glycopro-
tein, with PSVNA50 titers of 2,171 and 419, respectively. These
titers were notably lower (	10-fold) than those of anti-JUNV
antibodies. No cross-neutralizing responses were detected using
anti-GTOV antiserum against particles pseudotyped with the
JUNV glycoprotein. Only one rabbit with antibodies targeting
JUNV had a detectable neutralizing response against particles
pseudotyped with the MACV glycoprotein. The PSVNA50 titer for
this rabbit was 148, which is 	10-fold lower than that of anti-
MACV antibodies. Anti-GTOV glycoprotein antiserum failed to
cross-neutralize particles pseudotyped with the MACV glycopro-
tein. There was no cross-neutralization observed with anti-JUNV
or anti-MACV antiserum against particles pseudotyped with the
GTOV glycoprotein. Because the highly sensitive pseudovirion
neutralization assay revealed some cross-neutralization between
anti-JUNV and anti-MACV samples, the capacity of these serum
samples to neutralize authentic virus was tested by PRNT (Fig.
5C). The two rabbit samples from animals vaccinated against the
MACV glycoprotein that neutralized JUNV pseudotyped particles
were also able to cross-neutralize JUNV strain Candid#1, with
PRNT50 titers of 40 and 160. None of the serum samples targeting
the JUNV glycoprotein were able to neutralize MACV. These find-
ings demonstrated that very limited cross-neutralization occurred
between anti-glycoprotein antibodies targeting JUNV, MACV,
and GTOV.

Purified IgGs targeting the GPc polypeptides of JUNV,
MACV, and GTOV protect guinea pigs from lethal JUNV and
GTOV challenge. A long-term goal of this research is to develop
proof of concept for a neutralizing antibody-based product capa-
ble of protecting against multiple NW arenaviruses. Because little
cross-neutralization existed between rabbit antibodies targeting
JUNV, MACV, and GTOV glycoproteins, we produced a cocktail
of purified IgG antibodies derived from rabbits vaccinated with
the three different DNA vaccines and determined if it could pro-
tect guinea pigs against JUNV, MACV, and GTOV. The PRNT80

titers of the purified IgG fractions were 10,240, 10,240, and 40,960
against JUNV, MACV, and GTOV, respectively. The antibodies
were combined such that the cocktail could be administered at a
dose of 7,500 TU/kg/target in PBS. The protective efficacy of this
cocktail was tested in guinea pigs infected with JUNV strain Ro-
mero, GTOV, or MACV at 2,000 PFU/animal by the i.p. route.
Infected guinea pigs were treated with the cocktail on day 2 and
day 7 postinfection. For JUNV, a negative control was used that

FIG 4 Generation of anti-glycoprotein antibodies targeting MACV and GTOV. Neutralization of MACV (A) and GTOV (B) was tested and graphed in the same
manner as that described in the legend to Fig. 1. The dashed lines indicate the limit of detection of the PRNT assay.
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consisted of IgG antibody purified from a rabbit vaccinated with
an SNV DNA vaccine (28). For GTOV and MACV, PBS was used
as the negative control. Control animals infected with JUNV
strain Romero became febrile by day 8 (data not shown) and be-
gan to lose weight starting on day 9 (Fig. 6A). All animals in the
control group developed lethal disease by day 15, with an MTD of
14 days. In sharp contrast, no JUNV-challenged animals receiving
the cocktail showed evidence of weight loss or fever. Differences in
weight loss between the treated and control groups were statisti-
cally significant starting on day 11 (two-way ANOVA; P � 0.05).
Sera taken on day 25 from guinea pigs receiving the cocktail of
antibodies had a JUNV neutralizing antibody PRNT50 GMT of
259, suggesting that they produced immune responses against the
virus.

Negative-control guinea pigs infected with GTOV began to
lose weight starting on day 7, and this weight loss increased on day

9 (Fig. 6B). Hyperthermia was observed in all control animals by
day 9 (data not shown), and all animals in this group succumbed
to infection by day 17, with an MTD of 15 days. In contrast,
GTOV-infected guinea pigs treated with the cocktail did not lose
weight, and differences in weight loss were statistically significant
versus the control group starting on day 10 (two-way ANOVA;
P � 0.05). Three of six guinea pigs receiving the cocktail devel-
oped an elevated temperature (�40.0°C) on day 7 that dropped to
a normal level on day 8 (data not shown). In two of these animals,
elevated temperatures returned on days 21 and 22 and subsided to
normal on day 23. We were unable to detect postchallenge GTOV
neutralizing antibodies in challenged guinea pigs that received the
antibody cocktail (data not shown).

Guinea pigs infected with MACV strain Carvallo did not dis-
play signs of illness, including elevated temperature or weight loss
(data not shown). However, sera taken at 30 days postchallenge

FIG 5 Cross-binding and -neutralization of glycoprotein-specific antibodies targeting South American arenavirus GPs. (A) The indicated PsV were incubated
with serially diluted antiserum samples, followed by an HRP-conjugated goat anti-rabbit secondary antibody and TMB substrate. The endpoint titer was
determined as the highest dilution with an optical density greater than the mean optical density for serum samples from negative-control wells plus 3 standard
deviations. (B) Sera from rabbits vaccinated with either pWRG/JUN-GPc(opt), pWRG/MAC-GPc(opt), or pWRG/GTO-GPc(opt) were incubated with VSV�G
particles pseudotyped with the indicated glycoproteins, and neutralization was determined as described in Materials and Methods. (C) Cross-neutralization of
sera targeting pWRG/JUN-GPc(opt) or pWRG/MAC-GPc(opt) were tested in the same manner as that described in the legend to Fig. 1. PRNT50 titers were
graphed using Prism. For all panels, the dashed line indicates the limit of detection for the respective assay.
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revealed a significant difference in postchallenge anti-MACV neu-
tralizing antibody responses. Specifically, control animals had sig-
nificantly (t test; P � 0.006) higher levels of MACV neutralizing
antibodies than those that received the cocktail (Fig. 6C). The
GMTs for the group receiving the cocktail and the control group
were 32 and 900, respectively. This result was confirmed by PsV
assay, with PSVNA50 GMTs of 23 and 812 for irradiated sera from
challenged guinea pigs. These results demonstrated that the cock-
tail was capable of protecting against JUNV and GTOV lethality.

In addition, the cocktail suppressed neutralizing antibody re-
sponses against MACV, suggesting that it neutralized the virus
before it could effectively stimulate a humoral response.

Vaccination of rabbits with a combination DNA vaccine tar-
geting glycoproteins from JUNV, MACV, GTOV, and SABV
produces neutralizing antibodies against each target. We next
examined if a combination vaccine targeting multiple arenavi-
ruses could be used to produce a neutralizing antibody response
against each virus. A group of eight rabbits were vaccinated with a

FIG 6 A cocktail of purified IgG antibodies targeting JUNV, MACV, and GTOV glycoproteins protects guinea pigs from infection. (A) Guinea pigs were injected
i.p. with 2,000 PFU of JUNV. On days 2 and 7, the indicated animals were injected s.c. with the antibody cocktail (7,500 TU/kg/target) diluted in PBS. The control
group (NEG) received a purified anti-SNV glycoprotein IgG antibody. Survival and weights were plotted as described in the legend to Fig. 3. (B) Same as panel
A. However, GTOV was used as the challenge virus. The control in this experiment was PBS. The dashed lines indicate the 50% survival mark. (C) MACV was
used as the challenge virus. The control in this experiment was PBS. Sera from 30 days postchallenge were analyzed for anti-MACV neutralizing activity. PRNT50

titers were calculated as described in the legend to Fig. 1. Statistical significance (P � 0.05) was calculated using the t test and Prism software. The dashed line
indicates the limit of detection for the PRNT assay.

Golden et al.

3524 jvi.asm.org April 2016 Volume 90 Number 7Journal of Virology

http://jvi.asm.org


combination of the JUNV, MACV, and GTOV GPc DNA vaccines
and an optimized construct encoding the SABV GPc [pWRG/
SAB-GPc(opt)]. Rabbits were vaccinated twice at 3-week intervals
with a needle-free DSJI device by the i.m. route, using 0.5 mg of
DNA per dose (0.125 mg/target) in 0.5 ml of PBS. Sera from vac-
cinated animals were analyzed for neutralizing antibodies 5 weeks
after the second vaccination. Vaccinated rabbits developed neu-
tralizing antibody responses against each target (Fig. 7). The high-
est responses were against SABV, with a PRNT50 GMT of 1,174.
The weakest responses were against MACV, with a PRNT50 GMT
of 135. Responses against JUNV and GTOV were 380 and 320,
respectively. However, no neutralizing responses were statistically
significantly different (one-way ANOVA; P � 0.05), indicating
that no targets were more immunogenic than the others. These
findings demonstrate that combined vaccines targeting multiple
glycoproteins can elicit a neutralizing antibody response against
each target.

DISCUSSION
Production of neutralizing antibodies targeting arenavirus gly-
coproteins by using DNA vaccine technology. Arenaviruses are
an important family of emerging and reemerging zoonotic agents.
In infected humans, convalescent-phase serum is a potent means
of postexposure treatment (8, 15). Despite this being an effective
treatment option, research on novel approaches to produce po-
tent polyclonal antibody-based therapies have been lacking. In
this study, we demonstrated that DNA vaccine technology can be
used to produce potently neutralizing anti-arenavirus antibodies
that are protective in animal models and exclusively target the
full-length GPc precursor gene product. The prototype virus used
in these studies was JUNV. There are no serotypes among JUNV
strains; however, strain variability in neutralizing titers is com-
mon, and antibodies neutralize homologous viruses best, with
various degrees of potency against heterologous strains (36). Ac-
cordingly, we purposefully generated a full-length JUNV GPc
gene encoding a slightly modified XJ13 sequence not completely
homologous to that of either JUNV strain Candid#1 (five amino
acid differences) or strain Romero (two amino acid differences).
Indeed, we observed differences in neutralizing titers when we
examined different JUNV strains. The highest titers were against

Candid#1 (PRNT50 titer � 46,915), which remarkably had the
most amino acid differences compared to the vaccine immuno-
gen. For comparison, titers against strain Romero were �3-fold
lower (PRNT50 titer � 17,222). Several studies have investigated
the potency of anti-JUNV neutralizing antibodies and allow for a
comparison with our findings (13, 21, 36–39). These studies
mainly employed whole virus as an antigen, generally via a vacci-
nation with an attenuated virus followed by infection with a viru-
lent virus in the same animals. Our study compares well with that
of Candurra et al., in which anti-JUNV neutralizing antibody re-
sponses were extensively studied in rabbits (36). The highest
PRNT50 titer generated in that study was 11,171, against the tar-
geted (homologous) JUNV strain IV4454. Neutralizing titers
against heterologous strains varied widely, from 2,021 to 8,681.
Studies exclusively targeting the JUNV glycoprotein have also
been performed by using a fractionated envelope protein or vac-
cinia virus and Venezuelan equine encephalitis virus vectors (40,
41). However, most of these studies used guinea pigs as target
animals and were focused on producing active vaccines. In each of
the aforementioned studies, lower neutralizing antibody titers
were produced than those achieved in our study. For example, in
one recent study, the PRNT50 GMT against JUNV strain Can-
did#1 was �30 (41), compared to 46,915 in our study (Fig. 1C).
We cannot rule out the possibility that the 	3-order-of-magni-
tude difference in titers was due to species-specific factors pertain-
ing to vaccine responses in rabbits versus guinea pigs.

We further demonstrated that neutralizing antibodies could
also be produced by vaccinating rabbits with plasmid DNAs en-
coding MACV and GTOV full-length GPc polypeptides. A paucity
of published data regarding neutralizing titers against these vi-
ruses prevents any comparisons. PRNT50 titers against MACV and
GTOV were lower than that against JUNV, by 3.4- and 1.6-fold,
respectively. This may reflect differences in immunogenicity
among the three glycoproteins in rabbits. Indeed, a recent study
showed that differences in neutralizing antibody responses against
NW and OW arenaviruses correlate with the glycosylation status
of GP1 (42). Consistent with this finding, JUNV GP1 is the least
glycosylated protein compared to those of GTOV and MACV, and
it produces the highest neutralizing antibody response. We also
produced a multivalent antibody product that neutralized four
NW arenaviruses (JUNV, MACV, GTOV, and SABV) by combin-
ing plasmids encoding the GPc from each target and vaccinating
rabbits i.m. with a needle-free DSJI device. PRNT titers produced
by the combination vaccine were lower than those for animals
vaccinated with the individual targets by i.m. EP. This was likely
due to the lower dose of DNA used per target in the combination
vaccines (0.125 versus 1 mg/target) and/or the enhanced efficacy
of i.m. EP. Importantly, there was no evidence of immune inter-
ference between the four arenavirus DNA vaccines, nor was the
dominance of a response against any one of the four viruses ob-
served. It is possible that if higher neutralization titers were gen-
erated by additional boosts or the use of i.m. EP, the dominance of
a particular response might be observed, possibly correlating with
the aforementioned differences in arenavirus glycoprotein glyco-
sylation. Overall, this is the first demonstration that a multivalent
vaccine can produce antibodies neutralizing four distinct arena-
viruses, and it supports the concept of a multivalent arenavirus
DNA vaccine.

Anti-glycoprotein antibodies poorly cross-neutralize differ-
ent South American arenaviruses. The serological relatedness of

FIG 7 Vaccination of rabbits with DNAs encoding the GPc polypeptides from
JUNV, MACV, GTOV, and SABV. Neutralization of JUNV (strain Romero),
MACV, GTOV, and SABV was tested in the same manner as that described in
the legend to Fig. 1C. The dashed line indicates the limit of detection for the
PRNT assay.
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arenaviruses has been investigated extensively through the use of
panels of monoclonal antibodies (21, 43–45). The findings indi-
cate that antibodies targeting NP are most broadly cross-reactive,
with interactions reported between the more distant NW and OW
complexes (46). Owing to a highly conserved epitope at positions
368 to 382, GP2 antibodies targeting lymphocytic choriomenin-
gitis virus (LCMV) and LASV also cross-interact with NW arena-
virus species (44, 45). In contrast, GP1 is more polymorphic (47),
and as a result, antibodies targeting GP1 are less cross-reactive. No
cross-neutralizing activity has been observed between NW and
OW arenaviruses (48). Only limited neutralizing activity has been
reported between NW species, in particular between the closely
related JUNV and Tacaribe virus (TACV) species (39, 48). Con-
sistent with this, our study demonstrated that more cross-binding
than cross-neutralization existed between rabbit anti-GPc anti-
bodies (Fig. 5). We suspect that the ability of anti-JUNV, -MACV,
and -GTOV GPc antibodies to bind heterologous GPc in ELISA
mostly correlates with the highly conserved nature of the GP2
epitope. Two amino acid differences (R374K and I378V) distin-
guish this epitope between GTOV and MACV/JUNV (data not
shown). These differences may explain the lack of binding in
ELISA between anti-GTOV GPc antibodies and JUNV and the
limited binding of anti-MACV GPc with GTOV GP. Antibodies
from some rabbits vaccinated against MACV GPc could cross-
neutralize JUNV, albeit to a limited extent. The development of
cross-neutralizing antibodies against some NW arenaviruses has
been observed previously. Nonhuman primates vaccinated with
high doses, but not low doses, of JUNV vaccine strain Candid#1
develop antibodies that cross-neutralize MACV (49). Interest-
ingly, animals receiving low and high doses of Candid#1 are
equally protected against MACV, suggesting that detectable levels
of prechallenge neutralizing antibodies are not a prerequisite for
vaccine-mediated protection. The ability of antibodies targeting
the MACV glycoprotein to cross-neutralize JUNV directly corre-
lated with the ability of the polyclonal antisera to bind GP1 (data
not shown). Because the amino acid sequences show little homol-
ogy, it is unclear which region(s) of JUNV GP1 is bound by cross-
neutralizing anti-MACV antibodies. We assume that cross-neu-
tralizing antibodies interact with heterologous GP1 based on the
tertiary structure of the neutralizing epitope, not on amino acid
homology. Unfortunately, titers associated with cross-neutraliz-
ing polyclonal sera are too low for these to be useful as a cross-
protective therapeutic. Thus, any pan-arenavirus immunothera-
peutic will have to be formulated with antibodies specifically
targeting each human pathogen of interest.

Protective efficacy of DNA vaccine-produced anti-glycopro-
tein neutralizing antibody. Human disease caused by South
American arenaviruses can be recapitulated in guinea pig and
nonhuman primate animal models (50, 51). We used outbred
strain Hartley guinea pigs to determine if DNA vaccine-produced
neutralizing antibodies could protect a heterogeneous population
against lethal viral disease caused by JUNV strain Romero. Al-
though the 50% lethal dose (LD50) in this model is below 1 PFU
(13; Golden, unpublished result), we chose a high challenge dose
(2,000 PFU) for all arenavirus strains tested to remain consistent
with previous studies (13, 41). Complete protection by postchal-
lenge administration of rabbit-produced antibodies was possible
only if treatment was initiated by day 2. This time point is before
the onset of viremia, which begins on day 6 (Fig. 3F). Antibody
therapy did not prevent a host humoral immune response, as sur-

viving animals developed guinea pig-specific anti-NP responses as
indicated by flow cytometry (Table 1). These animals also pro-
duced guinea pig-specific neutralizing antibody responses against
challenge virus (Table 1). Sera from three of six animals receiving
antibody starting on day 6 had detectable neutralizing antibody
titers, but overall neutralizing responses were much lower than
those for animals treated on day 2 or 4. Of the two animals that
had no detectable neutralizing antibody responses, one animal
had no detectable anti-NP response. We hypothesize that this was
related to higher levels of virus replication and/or concomitant
impairment of adaptive immune responses due to higher levels of
inflammation in animals receiving therapeutic antibody late. This
is supported by our finding that viremia started on day 6 and
increased substantially in subsequent days (Fig. 3F).

Our findings are consistent with those of Kenyon et al., who
extensively examined antibody-mediated protection against
JUNV in guinea pigs (13). In their study, sera from vaccinated
(attenuated virus) and subsequently infected (virulent virus)
guinea pigs were used to protect naive guinea pigs from JUNV
strain Romero. In our study, the survival of guinea pigs treated
postinfection with 15,000 TU/kg of antibody was nearly identical
to that in the Kenyon study on days 2 (100% versus 100%), 4 (33%
versus 40%), and 6 (no survival) (data are for our study versus the
Kenyon study, respectively). As the antiserum used in the Kenyon
study was produced against whole virus, it targeted multiple are-
navirus proteins, including NP, GP1, and GP2. Our results expand
these findings and demonstrate that anti-GP1 and/or -GP2 anti-
bodies are sufficient for protection against JUNV in the guinea pig
model. Studies with LCMV suggested that anti-GP2 antibodies do
not contribute to immunoprotection (52). However, it is unclear
if antibodies targeting both glycoproteins are critical for protec-
tion against NW arenaviruses or if anti-GP1 neutralizing antibod-
ies are indeed the most critical. Nevertheless, this is the first study
demonstrating that glycoprotein-specific antibodies can protect
against NW arenavirus challenge.

Late-stage encephalitis in antibody-treated guinea pigs was ob-
served in the Kenyon study (13). It is therefore not surprising that
some animals in our study also developed a neuropathology, par-
ticularly those receiving antibody at late time points. Others have
speculated that late-stage neurological symptoms are not anti-
body-mediated pathologies per se, but rather occur because the
antibody eliminates virus systemically but fails to block replica-
tion in the brain due to a limited capacity to cross the blood-brain
barrier (13). Late-stage encephalitis has been observed in JUNV-
infected humans receiving antibody therapy (8). However, these
symptoms resolve after several weeks, without long-term se-
quelae. It will be of interest to study guinea pigs that develop
encephalitis in this model to more completely understand the mo-
lecular mechanism(s) that governs this enigmatic pathology.

A cocktail of neutralizing antibodies protects guinea pigs
against multiple arenaviruses. The neutralizing IgG antibody
cocktail targeting JUNV, MACV, and GTOV protected 100% of
guinea pigs from lethal challenge with JUNV when the animals
were treated on day 2, similar to the results for anti-JUNV serum
administered alone (Fig. 3 and 6A). JUNV-challenged animals
treated with the antiserum or the cocktail of purified antibodies
both developed similar convalescent-phase PRNT50 antibody
titers, suggesting that similar levels of protection were afforded by
the cocktail and the antiserum. The dose in the cocktail (7,500
TU/kg) was half that in the antiserum (15,000 TU/kg), indicating
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that lower doses of antibody are sufficient for protection against
JUNV when treatment is started on day 2. This is further sup-
ported by the fact that a dose of 7,500 TU/kg can also protect
guinea pigs when given on day �1 (Golden, unpublished observa-
tion). However, because the anti-MACV IgG present in the cocktail
cross-neutralized JUNV to a limited extent (PRNT80 titer � 640), the
ability of lower doses of anti-JUNV neutralizing antibody will re-
quire further exploration.

The cocktail of purified IgGs also protected guinea pigs against
two other South American arenaviruses: GTOV and MACV. Our
GTOV findings are consistent with previous studies demonstrat-
ing this virus to be 100% lethal in Hartley guinea pigs, with death
occurring at 12 to 18 days (53). We expanded on this study and
showed that antibodies targeting GTOV can protect against le-
thality when given by day 2 postchallenge (Fig. 6B). We did not
detect convalescent-phase neutralizing antibodies in animals re-
ceiving antibodies (data not shown), suggesting that the cocktail
provided more complete protection against GTOV than against
JUNV. MACV strain Carvallo was not lethal in Hartley guinea
pigs, and animals showed no signs of illness (e.g., fever or weight
loss). This finding was unexpected given that previous studies
have shown the Carvallo strain to be 	60% lethal in guinea pigs
(39, 54). Despite the lack of lethality, guinea pigs receiving the
negative control developed significantly higher levels of convales-
cent-phase neutralizing antibodies than animals receiving the
cocktail (t test; P � 0.006). This suggests that the cocktail limited
MACV infection in guinea pigs, thus limiting the humoral re-
sponse. Studies are under way to determine the cause of the atten-
uation. Recent studies have identified another strain of MACV,
strain Chicava, to be 100% lethal in Hartley guinea pigs (55). On-
going studies are examining the protective effect of DNA vaccine-
derived antibodies against strain Chicava.

DNA vaccine technology as a means to produce potent im-
munotherapeutics. Novel arenaviruses pathogenic to humans
emerge approximately every 3 years (1), with the most recent be-
ing Lujo virus (LUJV) in Africa (56). The development of coun-
termeasures to mitigate the threat of emerging and reemerging
arenaviruses would improve public health. Locations of arenavi-
rus outbreaks vary, making it difficult to target relevant popula-
tions with a preventative vaccine (57). Because immunotherapeu-
tics are effective against human-pathogenic arenaviruses in a
postexposure setting, they may represent the best means of con-
trolling these emerging threats (8–10). Here we demonstrated that
DNA vaccine technology can be used to produce anti-arenavirus
neutralizing antibodies capable of protection in models of lethal
Argentine and Venezuelan hemorrhagic fever. Although we used
rabbits in these initial studies, the same approach could be used in
standard animal systems used to produce animal-derived poly-
clonal antibodies to treat intoxication, envenomization, or infec-
tion. Traditionally, these animal systems have involved purifica-
tion of polyclonal antibodies from equine or ovine species
hyperimmunized with purified proteins. The major drawback of
products made in animal systems is that the antibodies are from a
heterologous species. To prevent toxicities associated with admin-
istering heterologous species antigens, the antibodies produced in
those systems are “despeciated” by removal of the Fc portion.
Recently, DNA vaccine technology was combined with transchro-
mosomal (Tc) bovines that produce human IgG (58) to generate
candidate immunotherapeutic products targeting hantaviruses
(59) and Ebola virus (60). Despeciation of the Tc bovine-derived

neutralizing antibodies is not necessary because the product is
human IgG. It is notable that development of these candidate
human IgG products did not involve the use of human donors or
infectious agents. This Tc bovine technology could be used to
produce human polyclonal antibodies or, with additional steps,
human monoclonal antibodies targeting arenaviruses. For prod-
ucts targeting infectious agents, it will likely be necessary to for-
mulate antibody cocktails rather than single monoclonal antibod-
ies. The use of monoclonal antibody cocktails enhances product
potency and mitigates the chance that the infectious agent will
evolve around the product. However, the emergence of Ebola vi-
rus antibody escape mutants in animals treated with monoclonal
antibody cocktails (61) suggests that even combinations of mono-
clonal antibodies might be insufficient to contain infectious
agents with high mutation rates, such as RNA viruses. It is possible
that the use of polyclonal antibodies targeting multiple epitopes
on the viral glycoproteins might help to prevent the emergence of
viruses capable of escaping the inhibitory effects of the product.
This may be particularly important for arenaviruses, as the devel-
opment of neutralizing antibody escape mutants is well docu-
mented (62). Our findings in the current study indicate that
DNA vaccine technology combined with traditional systems,
or novel approaches such as the Tc bovine system, could be
used to produce candidate anti-arenavirus neutralizing anti-
body-based products.
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