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ABSTRACT

Machupo virus (MACV) is the causative agent of Bolivian hemorrhagic fever. Our previous study demonstrated that a MACV
strain with a single amino acid substitution (F438I) in the transmembrane domain of glycoprotein is attenuated but genetically
unstable in mice. MACV is closely related to Junin virus (JUNV), the causative agent of Argentine hemorrhagic fever. Others and
our group have identified the glycoprotein to be the major viral factor determining JUNV attenuation. In this study, we tested
the compatibility of the glycoprotein of the Candid#1 live-attenuated vaccine strain of JUNV in MACV replication and its ability
to attenuate MACV in vivo. Recombinant MACV with the Candid#1 glycoprotein (rMACV/Cd#1-GPC) exhibited growth prop-
erties similar to those of Candid#1 and was genetically stable in vitro. In a mouse model of lethal infection, rMACV/Cd#1-GPC
was fully attenuated, more immunogenic than Candid#1, and fully protective against MACV infection. Therefore, the MACV
strain expressing the glycoprotein of Candid#1 is safe, genetically stable, and highly protective against MACV infection in a
mouse model.

IMPORTANCE

Currently, there are no FDA-approved vaccines and/or treatments for Bolivian hemorrhagic fever, which is a fatal human dis-
ease caused by MACV. The development of antiviral strategies to combat viral hemorrhagic fevers, including Bolivian hemor-
rhagic fever, is one of the top priorities of the Implementation Plan of the U.S. Department of Health and Human Services Public
Health Emergency Medical Countermeasures Enterprise. Here, we demonstrate for the first time that MACV expressing glyco-
protein of Candid#1 is a safe, genetically stable, highly immunogenic, and protective vaccine candidate against Bolivian hemor-
rhagic fever.

Machupo virus (MACV), which belongs to the Arenaviridae
family, is the etiological agent of Bolivian hemorrhagic fever

(BHF) (1). BHF was first identified in human patients in the Beni
district of northeast Bolivia in 1959. More than 1,000 cases of
BHF, of which 180 were fatal, were reported during an outbreak
from 1962 to 1964 (2). Starting in 2006, after a long hiatus with no
cases reported, the number of human cases steadily increased to
more than 200 in 2008 (3). The clinical symptoms of BHF are
similar to those of Argentine hemorrhagic fever (AHF), which is
caused by Junin virus (JUNV). The case fatality rate of BHF is 25 to
35% (4, 5). Arenaviruses are enveloped, bisegmented (the L and S
segments), negative-stranded RNA viruses (1). The L-segment
genomic RNA encodes the RNA-dependent RNA polymerase L
protein and the small zinc finger Z protein. The S segment encodes
the viral nucleoprotein (NP) and the glycoprotein precursor
(GPC) (1). The GPC is cleaved into the stable signal peptide (SSP)
by signal peptidase and the mature glycoproteins GP1 and GP2 by
the host subtilase subtilisin kexin isozyme-1/site 1 protease (SKI-
1/S1P) (1, 6, 7). During arenavirus infection, the GPC on the
surface of virus particles recognizes host receptors on the cell sur-
face and mediates virus entry into the cells (8–11). The GPC of
some arenaviruses might be a plausible target for prophylactic and
therapeutic countermeasures against virus infection. For example,
a Venezuelan equine encephalitis virus TC83 replicon vector ex-
pressing JUNV GPC provides efficient protection against JUNV
infection in guinea pigs (12). Antibodies against JUNV GPC have
been shown to neutralize JUNV infection in cultured cells (13).

Recently, Albarino et al. showed that the F427I substitution in

the transmembrane domain (TMD) of GP2 of the attenuated
Candid#1 (Cd#1) strain of JUNV was the critical attenuation fac-
tor in a suckling mouse model (14). Additionally, we have found
that the F438I substitution in the TMD of MACV GP2, corre-
sponding to the F427I change in the TMD region of Cd#1 GP2,
attenuates MACV in alphabeta/gamma interferon receptor dou-
ble-knockout (IFN-��/� R�/�) mice. However, the F438I muta-
tion was unstable in vivo. MACV isolates reverting to the wild-type
sequence (F438) were identified in mice that succumbed to
MACV F438I infection (15). The importance of the F427I muta-
tion in JUNV attenuation was also demonstrated in guinea pigs
infected with JUNV. However, this mutation itself was apparently
not sufficient to fully attenuate the virus; mild diseases and virus
dissemination still occurred in these infected animals (16). In con-
trast, guinea pigs infected with a JUNV strain that expresses the
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whole GPC of Cd#1 origin did not develop symptoms and were
protected against subsequent challenge with a virulent JUNV
strain. As both MACV and JUNV belong to the clade B of the New
World arenaviruses, in the present study, we tested the hypothesis
that the Cd#1 GPC can replace the MACV GPC and attenuate
MACV in vivo. To this end, we rescued a recombinant MACV
strain expressing the entire GPC of Cd#1 (rMACV/Cd#1-GPC)
and now report the in vitro and in vivo characterization of
rMACV/Cd#1-GPC.

MATERIALS AND METHODS
Cells and viruses. Baby hamster kidney (BHK-21) cells (CCL-10; ATCC)
were maintained in minimal essential medium (MEM; Life Technologies,
Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS; Life
Technologies) and 1% penicillin-streptomycin (Life Technologies). Vero
cells (CCL-81; ATCC) were maintained in Eagle’s MEM with Earle’s bal-
anced salt solution and L-glutamine (Lonza, Basel, Switzerland) supple-
mented with 10% FBS (Life Technologies) and 1% penicillin-streptomy-
cin (Life Technologies). A549 cells (CCL-185; ATCC) were maintained in
Ham’s F-12K medium (Life Technologies) containing 10% FBS (Life
Technologies) and 1% penicillin-streptomycin (Life Technologies). Re-
combinant Cd#1 (rCd#1) (17), recombinant MACV strain Carvallo
(rMACV) (18), and rMACV/Cd#1-GPC were rescued by using reverse
genetics systems previously described. First-passage viruses were used for
all infection experiments in this study. All work with infectious rMACV
and rMACV/Cd#1-GPC was performed in the biosafety level 4 (BSL-4)
laboratories at the Galveston National Laboratory (GNL), in accordance
with the institutional safety guidelines.

Animal studies. Eight- to 15-week-old IFN-��/� R�/� mice on a
C57BL/6 background (strain 129 mice were backcrossed twice with
C57BL/6 mice) were maintained in the animal BSL-2 (ABSL-2) and
ABSL-4 facilities in GNL. All animal studies were reviewed and approved
by the Institutional Animal Care and Use Committee at the University of
Texas Medical Branch at Galveston. To evaluate the pathogenicity of
rMACV, rCd#1, and rMACV/Cd#1-GPC, animals were challenged by in-
traperitoneal injection of each virus (10,000 PFU) and monitored for 42
days postinfection (dpi). Three animals per group were sacrificed at 17 dpi
to evaluate viral dissemination in the infected animals. To study the pro-
tective efficacy of rMACV/Cd#1-GPC preimmunization against lethal
MACV challenge, mice were immunized by intraperitoneal injection with
phosphate-buffered saline (PBS), rCd#1, or rMACV/Cd#1-GPC (10,000
PFU) for 35 days and challenged by intraperitoneal injection of rMACV
(10,000 PFU). Animals were humanely euthanized if they became mori-
bund, if they lost more than 20% of their body weight, and/or if their body
temperature fell below 34°C.

Construction of S segments for rMACV/Cd#1-GPC. The rMACV/
Cd#1-GPC S segment with the MACV GPC gene replaced by the Cd#1
GPC gene was generated from three PCR amplicons by PCR. The three
DNA segments were amplified from the pRF42-MACV S segment and the
pRF42-Cd#1 S segment with the primers listed below (17, 18). The se-
quences of the primers (forward and reverse, respectively) were as follows:
5=-CGCACAGTGGATCCTAGGCAAAG-3= and 5=-CCAACAGTTTGG
CGTAGAGGACACTAAACACAGCCAAGACCCCTGCCGACCCG-3=
for the MACV NP side, 5=-CGGGTCGGCAGGGGTCTTGGCTGTGTT
TAGTGTCCTCTACGCCAAACTGTTGG-3= and 5=-GGTGTTGAAGT
GTTGACACGCTCTCTAACACATGGGGCAGTTCATTAGCTTCATG
CAAG-3= for the Cd#1 GPC open reading frame part, and 5=-CTTGCAT
GAAGCTAATGAACTGCCCCATGTGTTAGAGAGCGTGTCAACACT
TCAACACC-3= and 5=-CGCACCGGGGATCCTAGGCGATTC-3= for
the MACV GPC untranslated region (UTR) side. After digestion with
AvrII and gel purification, the DNA of the rMACV/Cd#1-GPC S segment
was inserted into the RNA polymerase I-driven expression plasmid pRF42
in an antigenomic orientation (17, 18).

Virus growth in cell culture and animals. To determine viral growth
kinetics, Vero cells and A549 cells were infected at a multiplicity of infec-

tion (MOI) of 0.01, and the supernatant was collected from 0 to 96 h
postinfection (hpi). To identify whether rMACV/Cd#1-GPC is genetically
stable in vitro, we serially passaged the virus in Vero cells in duplicate as
previously described (15). The serial passage was performed at an esti-
mated MOI of 0.01 on the basis of the results in Fig. 1B. The viral titer in
supernatants or in tissue homogenates was assessed by plaque assay on
Vero cells as previously described (17, 19).

Measurement of virus-specific IgG titer by ELISA. To prepare anti-
gens for enzyme-linked immunosorbent assay (ELISA), Vero cells were
infected with rCd#1 at an MOI of 0.1 for 72 h. The infected cells were
washed with PBS and lysed with cell lysis buffer (50 mM Tris-HCl, pH 8.0,
300 mM NaCl, 0.5% Triton X-100, 0.5% protease inhibitor cocktail [Sig-
ma-Aldrich, St. Louis, MO]) on ice for 2 h and 30 min. After centrifuga-
tion, the supernatant was stored at �20°C. ELISA plates were coated with
the 1:5-diluted cell lysate and incubated overnight at 4°C. The plates were
washed three times with PBS containing 0.05% Tween 20 (PBS-T). After
the plates were blocked with PBS-T containing 5% bovine serum albumin
for 1 h at 37°C, 1:100-diluted serum samples were added to the plates and
incubated for 1 h at 37°C. Next, the plates were washed with PBS-T and
the bound antibody was detected with horseradish peroxidase-labeled
goat anti-mouse IgG antibody (Southern Biotechnology, Birmingham,
AL). Color reactions were performed with o-phenylenediamine dihydro-
chloride (OPD; Sigma-Aldrich) and allowed to develop for 20 min. The
absorbance was measured at 450 nm using a VersaMax ELISA reader
(Molecular Devices, Sunnyvale, CA).

PRNT. A plaque reduction neutralization test (PRNT) was performed
on Vero cells as described previously (16). Briefly, 80 PFU of rMACV was

FIG 1 Schematic representation of the genome of rMACV/Cd#1-GPC and the
virus growth curves. (A) For rMACV/Cd#1-GPC, the entire MACV GPC gene
was replaced with the Cd#1 GPC gene. The plaque morphology is shown. (B)
The growth of rMACV/Cd#1-GPC was characterized in Vero cells (MOI �
0.01). The titer of rMACV was significantly higher than that of rCd#1 at 48 hpi
(n � 5; **, P � 0.01, based on one-way ANOVA with Dunnett’s posttest
comparing the groups to the Cd#1-infected group). The data shown are the
averages � SEMs from three experiments. (C) The growth of rMACV/Cd#1-
GPC was characterized in A549 cells (MOI � 0.01). The titer of rMACV was
significantly higher than that of rCd#1 at 48 hpi, 72 hpi, and 96 hpi, as well as
the titer of rMACV/Cd#1-GPC at 48 hpi (n � 4; *, P � 0.05, based on one-way
ANOVA with Dunnett’s posttest comparing the groups to the Cd#1-infected
group; **, P � 0.01, based on one-way ANOVA with Dunnett’s posttest com-
paring the groups to the Cd#1-infected group). The data shown are the aver-
ages � SEMs from two experiments. Dashed lines, the detection limit.
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mixed with serially diluted heat-inactivated serum (final dilution range,
1:30 to 1:960) or medium. After incubation for 1 h at 37°C, the mixture
was inoculated on Vero cells and incubated for 1 h at 37°C. Medium
containing 0.6% tragacanth (Sigma) was used as an overlay. The titers are
presented as the greatest serum dilution yielding a 50% reduction in
plaque numbers (PRNT50 titer).

RNA extraction and sequence analysis. To extract RNA, organs or
cells were first suspended in the TRIzol reagent (Life Technologies). Or-
gan tissue samples were homogenized using a TissueLyser system
(Qiagen, Venlo, Netherlands) at 25 Hz for 5 min. RNAs were extracted
using a Direct-zol RNA miniprep kit (Zymo Research, Irvine, CA) and
reverse transcribed using a SuperScript III first-strand synthesis system
(Life Technologies) and random primers according to the manufacturer’s
protocol. To determine the sequence of the viruses from organs or virus-
infected cells (passages 1 to 5), cDNAs were amplified by PCR into two
and three DNA fragments for viral S and L segments, respectively. The
PCR products were purified using a QIAquick PCR purification kit
(Qiagen) and directly sequenced using an ABI Prism 3130xl DNA se-
quencer (Life Technologies).

Determination of 5= and 3= UTRs of both S and L segments. The 5=
and 3=UTRs of the S and L segments were determined by using a 5=RACE
system for rapid amplification of cDNA ends (RACE) and a 3= RACE
system for rapid amplification of cDNA ends, respectively (Life Technol-
ogies).

Histology. Tissues were collected from euthanized or dead animals
and fixed in 10% buffered formalin for a minimum of 5 days. Then, the
tissues were cut and embedded in paraffin, sectioned (5.0 	m), and
stained with hematoxylin and eosin. For immunohistochemistry (IHC),
the antigens were retrieved using 10
 target retrieval solution (Dako
Corp., Carpinteria, CA) for 45 min at 98°C. Endogenous peroxidase ac-
tivity was blocked by incubation with 3% hydrogen peroxide in methanol
for 30 min. A Histomouse-SP kit (Life Technologies) was used for IHC
according to the manufacturer’s protocol. The primary antibody added
was monoclonal antibody (MAb) clone NA05-AG12 (1 	g/ml; incuba-
tion with the MAb was for 1 h with shaking at room temperature) that
recognizes Junin virus NP and cross-reacts to MACV (13). A liquid di-
aminobenzidine substrate kit (Life Technologies) was used to visualize the
virus antigens in the sections.

Statistical analysis. Data were analyzed using Dunnett’s post hoc test
following a one-way analysis of variance (ANOVA), log rank analysis, and
the Mann-Whitney U test. Results were considered to be statistically sig-
nificantly different when the P value was �0.05.

Nucleotide sequence accession number. The viral sequencing data
for the S segment of rMACV/Cd#1-GPC were deposited in DDBJ/EMBL/
GenBank (accession number LC066214).

RESULTS
Rescue and in vitro growth curve of rMACV/Cd#1-GPC. To test
the compatibility of Cd#1 GPC with MACV, we designed the
rMACV/Cd#1-GPC strain (Fig. 1A) in which the GPC gene in
MACV genomic RNA was entirely replaced by the GPC gene from
the live-attenuated Cd#1 strain of JUNV. rMACV/Cd#1-GPC was
successfully rescued by using our reverse genetics system and
characterized in vitro. The plaques formed by rMACV/Cd#1-GPC
were similar in morphology to those formed by rMACV in Vero
cells (Fig. 1A). However, at 48 hpi the growth of rMACV/Cd#1-
GPC in cells was attenuated compared with that of rMACV and
was the same as that of Cd#1 (Fig. 1B). The titers of all viruses
eventually reached a similar highest level at 72 hpi. In human lung
epithelial A549 cells, the titer of rMACV/Cd#1-GPC was identical
to that of rMACV until 48 hpi, and then the virus titer was inter-
mediate to the titers of rMACV and rCd#1 (Fig. 1C). To study the
genetic stability of rMACV/Cd#1-GPC, we performed virus pas-

saging studies in Vero cells in duplicate. After five passages in Vero
cells, no mutation was found for the virus (data not shown).

In vivo characterization of rMACV/Cd#1-GPC. It has been
established that the Cd#1 GPC renders pathogenic JUNV aviru-
lent in a mouse model and in guinea pigs (14, 16). To determine if
Cd#1 GPC also renders MACV fully attenuated in vivo, rMACV/
Cd#1-GPC was intraperitoneally inoculated into IFN-��/� R�/�

mice, which succumb to parental rMACV infection (18). Animals
infected with rMACV started to lose more than 5% of their body
weight at 10 to 18 dpi and developed disease symptoms, such as
scruffy coats and hunched postures, at 11 to 15 dpi (Fig. 2B). These
animals succumbed to infection at 24 to 35 dpi (Fig. 2A). Six of
seven rMACV-infected animals exhibited hypothermia (body
temperature, below 34°C) at 1 to 3 days prior to death, along with
neurological manifestations, such as imbalance and paralysis (Fig.
2C). In contrast, no symptoms were observed in animals infected
by rMACV/Cd#1-GPC or rCd#1.

To investigate virus dissemination, we collected brain, spleen,
and liver tissue samples and serum samples from the infected an-
imals. Three animals per group were euthanized at 17 dpi, while
the remaining six or seven animals were euthanized at the termi-
nal stage of the disease or at 42 dpi. Infectious virus was detected in
all samples from animals infected with rMACV at all time points
(Fig. 2D). The viral loads in the brains of terminally ill animals
infected by rMACV were, on average, 170-fold higher than those
at 17 dpi (P � 0.05 [Mann-Whitney U test]). However, the viral
loads in the spleen, liver, and serum of rMACV-infected animals
were similar at all time points. More importantly, no infectious
virus was detected in the brain, spleen, and liver tissue samples and
serum samples from rMACV/Cd#1-GPC- or rCd#1-infected ani-
mals.

To confirm viral infection in the animals, we tested serum sam-
ples for the presence of virus-specific IgG antibody using ELISA.
All tested samples, except for one sample from an rCd#1-infected
mouse collected at 17 dpi, were positive for virus-specific IgG (Fig.
2E). In addition, we detected neutralizing antibody against
rMACV in some of these samples (Table 1). rMACV/Cd#1-GPC-
infected animals developed high neutralizing antibody titers (geo-
metric mean PRNT50 titer, 161.5). In comparison, the neutraliz-
ing antibody titers were below the detection level in rMACV- and
rCd#1-infected mice.

To investigate if the pathology changes were associated with
infection, we performed histopathological and immunohisto-
pathological examinations of the collected organs (Fig. 3). Patho-
logical lesions were observed only in rMACV-infected animals.
Occasional endothelial hypertrophy and vascular mononuclear
infiltrates were present in the brains of rMACV-infected animals,
and the virus antigen was broadly detected in the brain. Segrega-
tion of white and red pulp was disturbed in the spleens of rMACV-
infected animals, while moderate microvesicular steatosis and
mild perivascular mononuclear infiltrates were identified in the
livers of rMACV-infected animals. No pathological changes were
observed in either rMACV/Cd#1-GPC- or rCd#1-infected mice.
Consistent with the pathology results, we were unable to detect
viral RNA in the brains and spleens from rMACV/Cd#1-GPC-
and rCd#1-infected mice at 17 dpi and 42 dpi. These results indi-
cate that rMACV/Cd#1-GPC likely did not disseminate systemi-
cally or poorly disseminated systemically in mice.

rMACV/Cd#1-GPC inoculation induced protection against
lethal MACV challenge. Since rMACV/Cd#1-GPC inoculation
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induced high titers of neutralizing antibody against MACV, we
tested the potency of its protection against MACV in this model.
Animals were inoculated with rMACV/Cd#1-GPC, rCd#1, or PBS
followed by challenge with a lethal dose of rMACV 35 days later.
All rMACV/Cd#1-GPC-immunized mice survived the challenge
without exhibiting signs of disease, while all rCd#1-immunized
mice and PBS-immunized mice developed severe diseases with
symptoms similar to those observed during MACV infection (Fig.
4A and B). Only one animal from each of these two groups sur-
vived; however, the two animals developed scruffy coats, a
hunched posture, and hyperreflexia, all of which are indicative of
suboptimal protection.

FIG 2 IFN-��/� R�/� mice were infected with 10,000 PFU of rMACV/Cd#1-GPC, rMACV, or rCd#1 by the intraperitoneal route. (A) Survival curves of the
infected mice (n � 7 for the rMACV/Cd#1-GPC- and rMACV-infected group; n � 6 for the rCd#1-infected group). **, P � 0.01 for the rMACV-infected group
versus the rCd#1-infected group by log rank analysis. (B and C) Body weight (B) and body temperature (C) were monitored on the indicated days. All error bars
indicate SEMs (n � 7 for the rMACV/Cd#1-GPC- and rMACV-infected group; n � 6 for the rCd#1-infected group). (D) Titers of rMACV/Cd#1-GPC, rMACV,
and rCd#1 in tissues of infected mice at 17 dpi, the terminal stage (T; 24 to 35 dpi), and 42 dpi. The brains, spleens, and livers were harvested and homogenized.
Organ tissue and serum samples were subjected to a plaque assay for virus titer. MA, rMACV; Cd, rCd#1; M/C, rMACV/Cd#1-GPC. Dashed line, the minimum
detection limit. (E) To detect IgG antibody against the virus, rCd#1-infected cell lysate was used as the capture antigen. The bars show the mean optical density
(OD) values plus SDs (n � 3 for 17 dpi, n � 5 for 24 to 42 dpi except for the rCd#1-infected group, for which n � 4). The optical density value obtained from
uninfected cell lysates was used as the negative control for cell lysates and was subtracted from the data shown. Sera from 18 uninfected mice were used as the
negative control for serum. A cutoff optical density value of 0.146 was defined as the mean �5 SDs for the negative control. All tested samples, except for one
sample collected at 17 dpi (from the rCd#1-infected group), were positive. The data shown are pooled from two independent experiments.

TABLE 1 PRNT50 titer against rMACV after infection

PRNT50 titer for the following groupa:

rMACV infected rCd#1 infected rMACV/Cd#1-GPC infected Uninfected

�1:30 (35) �1:30 (42) 1:120 (42) �1:30
�1:30 (24) �1:30 (42) 1:240 (42) �1:30
�1:30 (24) �1:30 (42) 1:60 (42) �1:30
�1:30 (24) �1:30 (42) 1:240 (42) �1:30
�1:30 (25) �1:30 (42) 1:240 (42)
�1:30 (34) �1:30 (42) 1:240 (42)
�1:30 (23) 1:120 (42)
a Numbers in parentheses are the day after infection.
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To determine the level of viral dissemination in preimmunized
animals, viral loads were measured in mice that succumbed to the
challenge or at 42 dpi (Fig. 4C). MACV was detected in all brain
tissue and serum samples in the PBS-immunized group and in
three of five brain tissue samples in the rCd#1-immunized group.
In addition, three out of six PBS-immunized animals were posi-
tive for virus in the spleen and liver, while two of five rCd#1-
immunized mice had infectious virus in the spleen, liver, and
serum. Importantly, virus was not detectable in animals preim-
munized with rMACV/Cd#1-GPC and challenged with rMACV.

The histopathological findings correlated with our virological
findings and the outcome of infection: organs from animals pre-
immunized with rMACV/Cd#1-GPC had no detectable patholog-
ical changes (Fig. 5). On the other hand, mild to moderate lesions
were observed in the brains, livers, and spleens of PBS-immunized
and rCd#1-immunized animals.

Prior to rMACV challenge, neutralizing antibody against
rMACV was detected only in the rMACV/Cd#1-GPC-immunized
group (Table 2). After challenge, a substantial increase in the
PRNT50 titer was measured in the rMACV/Cd#1-GPC-immu-

nized group. Two rCd#1-immunized mice developed higher
PRNT50 titers after challenge. Among the PBS-immunized mice,
the level of neutralizing antibodies remained below the detection
level in most animals after challenge and slightly increased in two
animals.

DISCUSSION

In the present study, we utilized a reverse genetics system to suc-
cessfully generate rMACV in which the GPC gene of MACV was
replaced by that from the live-attenuated Cd#1 vaccine strain of
JUNV. This is the first study to demonstrate the compatibility of
the Cd#1 GPC with MACV. The resulting strain, rMACV/Cd#1-
GPC, was fully attenuated in IFN receptor-knockout mice, an es-
tablished mouse model of lethal MACV infection. Interestingly, a
single immunization with rMACV/Cd#1-GPC was sufficient to
completely protect mice from lethal rMACV infection. Our data
showed that the Cd#1 GPC was compatible with the MACV GPC
and efficiently supported the production of infectious MACV in
cell culture. Both MACV and JUNV belong to clade B of the New

FIG 3 Histopathological changes in the brain, spleen, and liver from infected mice at the terminal stage or 42 dpi. In the cerebrum, virus antigen-positive
cells were broadly detected in rMACV-infected animals (inset at top left; magnification, 
40) but were not detected in rCd#1- and rMACV/Cd#1-GPC-
infected animals. Endothelial hypertrophy (arrow) and vascular mononuclear infiltrates were observed in the brains of rMACV-infected animals.
Microvesicular steatosis (asterisk) and perivascular mononuclear infiltrates (arrowhead) were present in the livers of rMACV-infected animals. Magni-
fications, 
20 (brain and liver) and 
10 (spleen).
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World arenaviruses (20). We have previously found that the L
protein and NP from the Cd#1 strain of JUNV efficiently support
MACV replication in a minigenome system, suggesting the feasi-
bility of introducing viral genes from the attenuated JUNV into

MACV (18). In Vero cells, the growth of rMACV/Cd#1-GPC
seemed to be modestly delayed at 48 hpi, with the virus titer being
approximately 10-fold lower than that of rMACV. rMACV/Cd#1-
GPC eventually grew to titers similar to those of rMACV at 72 hpi.
In A549 cells, the growth of rMACV/Cd#1-GPC was similar to
that of rMACV until 48 hpi, and then the virus titer was interme-
diate to the titers of rMACV and rCd#1, demonstrating that over-
all there was no substantial impact on MACV production in in-
fected cells when the MACV GPC gene was replaced with the Cd#1
GPC gene. However, we are not able to rule out the possibility that
the attenuation of rMACV/Cd#1-GPC in vivo might be caused by
a subtle incompatibility between Cd#1 GPC and other MACV
structural proteins which might lead to the reduced infectivity of
the chimeric virus. It is known that RNA viruses frequently un-
dergo mutations in their genomes, which sometimes lead to phe-
notypic changes (21). Accordingly, we studied the genetic stability
of rMACV/Cd#1-GPC by continuously passaging the virus in
Vero cells a total of five times. No change in the entire viral
genomic RNA sequence was identified, indicating a high degree of
genetic stability for this recombinant virus. The high degree of
genetic stability of rMACV/Cd#1-GPC also suggested that re-
placement of the MACV GPC gene with the GPC gene from the
Cd#1 vaccine strain of JUNV did not affect the replication fitness
of rMACV/Cd#1-GPC.

In addition, we found that introduction of the Cd#1 GPC gene
into the MACV genome leads to the complete attenuation of
MACV in a mouse model of lethal infection. This is in line with the
findings of previous studies performed by others and us, in which
GPC was identified to be the major viral factor for the attenuation
of the vaccine strain of JUNV (14, 16, 22). Consistent with our
previous report, rMACV infection was lethal to IFN-��/� R�/�

mice (15, 18). In contrast, the virological and pathological results
clearly demonstrated that rMACV/Cd#1-GPC was avirulent in
the IFN-��/� R�/� mouse model, similar to the findings for the

FIG 4 Mice were infected with rMACV at 35 days after immunization with
rMACV/Cd#1-GPC, rCd#1, or PBS. (A) Survival curves for the infected mice
(n � 6). **, P � 0.01 for rMACV/Cd#1-GPC- versus rCd#1-immunized mice
and rMACV/Cd#1-GPC- versus PBS-immunized mice by log rank analysis.
(B) Average body weight change (with SEM, n � 6) after rMACV challenge.
(C) Virus titers in tissues of infected mice at the terminal stage (13 to 39 dpi)
and 42 dpi. A plaque assay was performed for serum samples as well as for
homogenized tissues from the brain, spleen, and liver. Cd, rCd#1; M/C,
rMACV/Cd#1-GPC. Dashed lines, the minimum detection limit.

FIG 5 Histopathological changes in the brain, spleen, and liver from infected mice at the terminal stage or 42 days after challenge. Endothelial hypertrophy and
vascular mononuclear infiltrates were observed in the brains of PBS-immunized animals and rCd#1-immunized animals (arrows). Microvesicular steatosis
(asterisk) and perivascular mononuclear infiltrates (arrowheads) were observed in the livers of PBS-immunized animals and rCd#1-immunized animals.
Magnifications, 
20 (brain and liver) and 
10 (spleen).
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live-attenuated Cd#1 vaccine strain of JUNV. All animals survived
without observable disease symptoms after intraperitoneal inoc-
ulation of rMACV/Cd#1-GPC. In rMACV/Cd#1-GPC- and
Cd#1-infected mice, no infectious virus or viral RNA could be
detected in the brain, spleen, liver, or serum at 17 dpi and 42 dpi,
suggesting the possibility of limited or transient virus infection.
However, further investigation is required to clarify whether the
lack of detection of viral RNA and antigen in rMACV/Cd#1-GPC-
infected mice at time points earlier than 17 dpi was attributable to
antibody-mediated viral clearance or due to impaired viral multi-
plication of rMACV/Cd#1-GPC in vivo.

In addition to the complete attenuation of rMACV/Cd#1-
GPC, we found that immunization with rMACV/Cd#1-GPC is
highly immunogenic and elicits efficient protection against subse-
quent lethal challenge with the parental rMACV. While infectious
virus or viral RNA could not be detected in rMACV/Cd#1-GPC-
infected animals at the sample collection time points, the inocu-
lation apparently induced a humoral immune response, as evi-
denced by the production of virus-specific IgG, as measured by
ELISA. These data also suggested that the presumably restricted
and/or transient infection of rMACV/Cd#1-GPC in animals was
sufficient for induction of a host immune response. More impor-
tantly, rMACV/Cd#1-GPC immunization induced neutralizing
antibodies, which likely contributed to the efficient protection of
animals from lethal challenge with MACV. Although both
rMACV/Cd#1-GPC and rCd#1 express the same Cd#1 GPC, it
seems that rMACV/Cd#1-GPC is more immunogenic and protec-
tive than rCd#1. This was supported by the enhanced amount of
anti-Cd#1 antibody production measured by ELISA (Fig. 2E), the
strong neutralizing antibody resposne to MACV detected in the
PRNT (Tables 1 and 2), and the efficacious protection against
MACV challenge by rMACV/Cd#1-GPC but not by rCd#1 (Fig.
4). It is possible that rMACV/Cd#1-GPC might stimulate the host
immune response more potently and/or might express viral anti-
gens at higher levels than rCd#1 in mice. This possibility might
explain the reason that rMACV/Cd#1-GPC eventually induced
high neutralizing antibody responses to MACV (presumably
against the GPC), in contrast to the findings for rCd#1. It is also
worthy to note that rCd#1 infection efficiently induced neutraliz-
ing antibodies to Cd#1 in the PRNT (data not shown) but appar-
ently not at a level sufficient to cross-protect from rMACV infec-
tion (Tables 1 and 2). The lysates used in the ELISA were prepared
from rCd#1-infected cells and allowed the detection of antibodies
to homologous GPC and NP of Cd#1, as well as the heterologous

NP or GPC of MACV. Interestingly, the antibody levels in the
rMACV/Cd#1-GPC-infected animals also appeared to be higher
than those in the rCd#1-infected mice via ELISA analysis. Anti-
body-mediated immunity plays an important role in protection
against infections by the New World arenaviruses, as immune
plasma treatment with high levels of neutralizing antibody was
effective in reducing the fatality rate from AHF in humans and
BHF in nonhuman primates (NHPs) (23, 24). Therefore, higher
humoral immune responses, likely along with cell-mediated re-
sponses, contribute to the efficacious protection elicited by
rMACV/Cd#1-GPC but not rCd#1.

The antigenic cross-reactivity and cross-protection between
the closely related MACV and JUNV have been previously char-
acterized by other groups. Although some MAbs to JUNV GPC
failed to cross-react to MACV GPC, as reported in one study (13),
the MAb derived from mice immunized with MACV G2 recog-
nized JUNV GPC in another study (25). Preliminary data reported
at a conference showed that vaccination with Cd#1 was able to
cross-protect against lethal MACV challenge in NHPs (26), sug-
gesting the cross-neutralization between MACV and Cd#1 in vivo.
In our mouse model, as well as in the NHPs described in the
previous report (26), it is possible that not only the neutralizing
antibodies but also the nonneutralizing antibodies as well as virus-
specific CD8� T lymphocytes may contribute to the protection
against lethal MACV challenge, as Cd#1 viremia often disappears
before the appearance of measurable antibody in NHPs (27).
Since homologous MACV NP, Z protein, and L protein are ex-
pressed by rMACV/Cd#1-GPC, presumably it might elicit a more
potent CD8� T lymphocyte-mediated immune response against
the NP, Z, and L proteins of MACV than against those of Cd#1.
We found that the attenuation of rMACV/Cd#1-GPC was associ-
ated with its low infectivity and high immunogenicity in our ani-
mal model. This new finding could shed insight into the develop-
ment of a MACV vaccine in the future.

In summary, we found that rMACV/Cd#1-GPC is fully atten-
uated in a mouse model of lethal infection. A single immunization
with rMACV/Cd#1-GPC was highly immunogenic and elicited
effective protection against rMACV challenge. More detailed and
comprehensive studies are required to evaluate the pathogenicity
of rMACV/Cd#1-GPC, as well as the mechanisms for its attenua-
tion and immune protection. Our animal experiments involved
the use of IFN-��/� R�/� mice. A study in animals with an intact
interferon pathway, such as guinea pigs or NHPs, as recently de-
scribed (28, 29), is required for the development of a safe and

TABLE 2 PRNT50 titer against rMACV pre- or postchallenge

PRNT50 titer for the following groupa:

PBS treated rCd#1 infected rMACV/Cd#1-GPC infected

UninfectedPrechallengeb Postchallenge Prechallenge Postchallenge Prechallenge Postchallenge

�1:30 �1:30 (25) �1:30 NAc (20) 1:120 1:240 (42) �1:30
�1:30 �1:30 (22) �1:30 �1:30 (18) 1:120 1:240 (42) �1:30
�1:30 �1:30 (28) �1:30 NA (29) 1:60 1:240 (42) �1:30
�1:30 1:60 (42) �1:30 1:960 (32) 1:120 1:240 (42) �1:30
�1:30 1:30 (33) �1:30 NA (13) 1:60 1:60 (42)
�1:30 �1:30 (39) �1:30 1:480 (42) 1:30 1:960 (42)
a Numbers in parentheses are the day after challenge.
b Prechallenge serum was collected at 35 days after immunization.
c NA, not available.
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efficacious vaccine against MACV infection. Our study also high-
lights the feasibility of attenuating other highly pathogenic New
World arenaviruses, such as Guanarito virus, following the same
approach by introducing the GPC gene from the Cd#1 vaccine
strain of JUNV.
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