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‘region protects guinea pigs against
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' Machupo virus (MACV) is a New World (NW) arenavirus and causative agent of Bolivian hemorrhagic

fever (HF). Here, we identified a variant of MACV strain Carvallo termed Car® that was attenuated in

: guinea pigs. Infection of guinea pigs with an earlier passage of Carvallo, termed Car®?, resulted in a
lethal disease with a 63% mortality rate. Sequencing analysis revealed that compared to Car®, Car®
had a 35 nucleotide (nt) deletion and a point mutation within the L-segment intergenic region (IGR),

. and three silent changes in the polymerase gene that did not impact amino acid coding. No changes

. were found on the S-segment. Because it was apathogenic, we determined if Car®* could protect guinea

: pigs against Guanarito virus (GTOV), a distantly related NW arenavirus. While naive animals succumbed

. to GTOV infection, 88% of the Car®'-exposed guinea pigs were protected. These findings indicate

. that attenuated MACV vaccines can provide heterologous protection against NW arenaviruses. The

. disruption in the L-segment IGR, including a single point mutant and 35 nt partial deletion, were the
only major variance detected between virulent and avirulent isolates, implicating its role in attenuation.
Overall, our data support the development of live-attenuated arenaviruses as broadly protective pan-
arenavirus vaccines.

. Members of the Arenaviridae are enveloped ambisense single-stranded RNA viruses with two segments, small (S)
and large (L), encoding a 10.7 Kb genome expressing five distinct proteins!~. The L-segment encodes the matrix
ring finger Z protein® and the polymerase L protein (L-segment)’. The S-segment encodes the nucleoprotein

. (NP) and the glycoprotein precursor (GPC)°. GPC is cleaved into two glycoproteins, GP1 and GP2 by the cellular

© protease S1P7. Each RNA segment encodes two ORFs and also contains noncoding regions including 5’ and 3’

- untranslated regions (UTRs) and a non-coding intergenic region (IGR)*%°. Mammalian arenaviruses (genus
mammarenavirus) are divided into the Old World (OW) and New World (NW) complexes based on geographical
distribution and serology®. Machupo virus (MACV) is a member of the NW complex of arenaviruses and is the
causative agent of Bolivian hemorrhagic fever (HF)?. Human infections generally result from exposure to chron-
ically infected rodents (Calomys callosus)', but human-to-human spread has been reported!!. Bolivian HF is a
febrile illness often associated with vascular leakage and occasional concomitant neurological manifestations!'® 2.
Infection can result in a systemic inflammatory response syndrome leading to multiple organ failure and death.

: Other NW arenaviruses, including Junin virus (JUNV) and Guanarito virus (GTOV), also cause HF in South

. America®*. More recently other NW arenaviruses capable of causing human disease have emerged, including

© Sabia virus, Chapare virus and Whitewater Arroyo virus® '*-'¢, Therefore, this family of viruses is an important
group of emerging and re-emerging human pathogens.

No FDA licensed countermeasures exist to treat NW arenaviruses. Active and passive vaccine strategies,

as well as small molecule inhibitors have been shown to be effective at reducing lethality in humans!’*°. An

© attenuated live-virus vaccine, termed Candid#1, is currently used in populations at high risk to JUNV infec-
© tion in Argentina?>-*. Implementation of this vaccine in endemic regions reduced fatality rates substantially.
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Some evidence based on studies in guinea pigs and non-human primates (NHPs) suggest that Candid#1 can
cross-protect against MACV?% however, these findings have not been validated in humans. Candid#1 was pro-
duced by passage of the virulent X]J strain twice in guinea pigs, 44 times in mouse brains and finally several
passages in fetal rhesus lung diploid cells (FRhL-2)?*»25-%7, This process produced a strain attenuated in humans,
non-human primates, guinea pigs, and mice that also lacked neurotropism in animal models. The exact nature of
the attenuation is enigmatic and recent evidence suggests that a single amino acid change in the GP2 transmem-
brane region restores virulence in neonatal mice*. Other NW arenavirus vaccine strategies have included the use
of Tacaribe virus (TACV), an arenavirus serologically related to JUNV and MACYV believed to be apathogenic
in humans. In animal models, TACV functions as a vaccine against JUNV?>2_ However the underlying mech-
anism(s) attenuating TACV in humans is unclear. Glycoprotein-targeting subunit vaccines based on modified
vaccine Ankara or Venezuelan equine encephalitis replicon vectored systems protect against lethal infection by
JUNV in guinea pig models®”3!. However, because of heterogeneity in the glycoproteins®2* %, it is unlikely these
vaccines will provide sufficient cross-protection against heterologous arenaviruses. Thus, alternative strategies
aimed at producing safe and broadly protective arenavirus vaccines are needed.

MACV strain Carvallo is the prototypical MACV strain first isolated in 1963%* 34, Several studies report that
strain Carvallo is pathogenic in guinea pigs, with lethality upwards of 60%2% *>. We previously reported that a
MACV strain Carvallo variant (Car®) does not cause severe disease in guinea pigs®. Here, we found an earlier
passage of strain Carvallo (Car®®) was virulent in guinea pigs. Subsequently, we identified genomic differences
between virulent (Car®®) and avirulent (Car®) Carvallo strains. Additionally, because Car® was apathogenic
in guinea pigs, but produced detectable humoral immune responses, we investigated if it could function as a
live-attenuated vaccine and protect against more distantly related NW arenaviruses.

Results

MACV strain Car®® and Chic are lethal in guinea pigs, while strain Car®® is attenuated. We pre-
viously reported* that a MACV strain Carvallo variant (Car®') does not produce acute disease in Hartley guinea
pigs (SFig. 1). Because the failure of Car’! to cause lethality was unexpected, we produced another stock of virus
derived from an early passage of strain Carvallo (produced in 1968) and designated it Car®. The virulence of
Car®® was examined in Hartley guinea pigs to determine if, contrary to Car®, this variant produced acute disease.
As a control, one group of animals were infected with Chicava (Chic), a MACV strain known to cause lethal
disease in this model*”. Groups of eight animals were infected with the indicated strains and survival, weight
and fever were monitored for 30 days (Fig. 1). All animals infected with strain Chic begin to lose weight between
days 8-20 (Fig. 1B), but only one animal developed high fever (> 41.0°C) (Fig. 1C). All Chic-infected animals
succumbed to infection by day 24. Animals infected with Car®® displayed weight loss between days 9-21, but
none of the animals developed high fever (> 41.0°C). Car® also produced a lethal disease in guinea pigs; however
three animals survived infection (~63% mortality rate). Distinct from Chic, three Car® infected animals devel-
oped paralysis starting with the hind-limb and were euthanized on day 21. The three surviving Car® infected
animals began to rapidly increase in weight after a period of weight loss, and by day 30 they exceeded their start-
ing weight by ~3-20%. The mean time to death (MTD) for Car® and Chic was 23.5 and 22 days, respectively.
Confirming our earlier observations (SFig. 1), animals infected with Car®! survived infection without displaying
signs of disease (Fig. 1A). Survival differences between Car® and Chic infected animals were not significant (log-
rank; p=0.1331); however differences in survival between Car®! versus Car® were highly significant (log-rank;
p=0.0082). Additionally, weight loss between Car® and Chic were significant compared to Car®' for several days
(Two-way ANOVA; p < 0.05). Viremia was detected in all four Chic-infected animals euthanized due to disease
severity with GMT titers of 1,088 pfu/ml (Fig. 2A). Only one Car®-infected animal had detectable viremia (166
pfu/ml), and viremia was undetected in the Car®’-infected group.

To gain insight into the interaction of Car®' and Car® within infected guinea pigs, two additional groups
of three animals each were infected with Car® and Car®! as above and on day 14 viremia and hematology were
evaluated. No viremia was detected for either strain. However, significant differences in white blood cells (WBC),
lymphocyte numbers (LYMPH), and platelet (PLT) levels were observed between the avirulent and virulent
Carvallo strains (SFig. 2). The avirulent strain had elevated WBCs, LYMPH and PLT values compared to animals
infected with Car® and uninfected control animals. The pathogenic Car® strain had WBC and LYMPH levels
equal to that of control animals, but reduced PLT values. Additionally, two of three Car® infected guinea pigs had
increased levels (but not statistically significant) of large unstained cells (LUCs), which is indicative of an acute
viral infections®®. Similar results were obtained for Chic (data not shown). Overall, our findings demonstrated
that contrary to Car®!, the Car®® strain variant can produce an acute and lethal disease in guinea pigs.

We next evaluated the serum from Car®!-challenged guinea pigs for the presence of binding and neutralization
antibodies 30 days post-challenge. ELISA titers were determined using VSVAG particles pseudotyped with gly-
coproteins from the MACYV strain Carvallo as antigen. Six of eight guinea pigs had detectable antibodies against
MACYV glycoprotein with a log;, GMT of 2.8 (Fig. 2B). MACV neutralizing antibody was detected in all but two
infected animals with PRNT50 and PRNT80 GMTs of 269 and 59.5, respectively (Fig. 2C). The same two guinea
pigs had no detectable PRNT50 or ELISA titers.

Genomic analysis of Car®® and Car®®.  The genomes of Car®' and Car® were sequenced to determine the
genetic variation(s) that may contribute to virus attenuation. Sequencing revealed five changes between Car® and
Car®! in the L-segment (Fig. 3A). Three changes resulted in undisruptive silent nt substitutions in the polymerase
protein sequence. Another nt change in the Car®* IGR at position 399 (C — U) was detected that matched the ref-
erence strain Carvallo sequence (Genbank accession #NC005079). We also identified a 35 nt deletion in the IGR
of strain Car” (Fig. 3B). No changes in the S segment were identified between Car®' and Car®®.
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Figure 1. Infection of Hartley guinea pigs with MACYV strain Car®, Car® and Chicava. (A) Guinea pigs were
challenged with 1,000 pfu of Car?!, Car® and Chic by the i.p. route. Survival was monitored for 30 days post-
infection. Asterisks denote statistical significance. (B) Percent weight loss for individual guinea pigs in the
indicated groups was plotted based on day 0 starting weight. Animals succumbing to infection are shown in
red. (C) The mean group temperatures were plotted. The normal temperature range is shaded in grey. To aid
visualization, data for Car®-infected animals is depicted in orange.

Defective interfering (DI) particles are viral particles that carry mutations in the genome (typically deletions
or rearrangements) that render the genome non-viable. During some infections, DI particles can accumulate to
high levels through co-infection and disrupt the replication of viruses with viable genomes, leading to attenua-
tion*. To examine whether a difference in the relative abundance of DI particles between Car®! and Car® could
be responsible for the attenuated phenotype of Car®, we examined the lllumina sequencing dataset in two ways.
First, we looked for sequence coverage depth variation between the two isolates. Since DI particles often contain
internal deletions, extreme levels of DI particles will skew sequencing coverage towards the ends of the genome
fragments. Comparison of the patterns of sequence coverage depth between Car®® and Car®! did not reveal any
obvious differences. For a more sensitive assay, we looked for evidence of chimeric reads, which would also be
indicative of DI particle abundance. Chimeric reads are reads that span a deletion or rearrangement breakpoint,
resulting in the 5" and 3’ ends of the read aligning to non-adjacent regions of a reference genome. We detected
0.66% chimeric reads for Car®® and 0.43% chimeric reads for Car®'. Additionally, the pattern of deletions across
the genome segments (by size and location) is similar between the two viruses (SFig. 3). Since the proportion of
chimeric reads is higher in Car®®, indicating that Car® may actually have a higher proportion of DI particles, and
the pattern of deletions across the genome is qualitatively similar, it is unlikely that DI particles are contributing
to the attenuated phenotype of Car®’.

Altogether, these findings demonstrated that Car® has a significantly altered L-segment IGR relative to the
earlier passaged Car®, including a 35 nt partial deletion. This disruption resulted in a predicted IGR structure
with a AG value of —16.2kcal/mol compared to —51.4kcal/mol of Car®® (Fig. 3C). Thus, the Car®® structure is
predicted to be more thermodynamically stable compared to Car® by 3.2-fold.
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Figure 2. Evaluation of serum from MACYV infected guinea pigs. (A) Viremia was determined on Vero cell
monolayers using guinea pig serum taken from survivors on day 30 (black) or when animals were euthanized
(red). The solid line represents the GMT values. (B) Antibody binding ELISA titers were determined by
incubating sera from Car®-infected animals with PsV's pseudotyped with GPC from Strain Carvallo. Antiserum
samples were serially diluted prior to incubation. The dashed line denotes the limit of detection. The solid

line represents the GMT value. (C) Titer of neutralizing antibody in Car-infected animals was determined

and PRNT50 and PRNT8O0 titers were plotted. The dashed line denotes the limit of detection. The solid line
represents the GMT values.

In vitro characterization of Car®%, Car®® and Chic. To begin to address the basis of the attenuation of
Car®!, we examined both Carvallo variants Car®! and Car®, and strain Chic for differences in particle-to-pfu
ratios and replication kinetics. Car®® had the highest particle-to-pfu ratio with a geometric mean of 369, com-
pared to Car® and Chic whose GMT ratios were 26 and 13, respectively (Fig. 4A). These findings indicate that
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Figure 3. Sequence of MACYV strain Car®! and Car®. (A) Predicted L-segment amino acid changes between
Car® and Car®. (B) Alignment of the Car®! and Car®® IGR. The underlined region denotes the region deleted in
Car®. Also underlined is the single nucleotide change at position 399. (C) Predicted hairpin tertiary structure of
the Car® and Car®® L-segment IGR.

compared to Car®, Car® has a ~14-fold increase in the particle to pfu ratio. However, these differences were not
statistically significant (T-test; p > 0.05).

The growth kinetics of both strain Carvallo variants and strain Chic were investigated in Vero cells, 104CL
guinea pig fibroblasts and Human umbilical vein cells (HUVECs). Cells were infected with Car®!, Car®® or Chic
and replication was assayed at 24, 48 and 72 h post-infection (hpi) (Fig. 4B). After 24 h, Car® grew to the highest
levels in both Vero and HUVEC. 24 h growth for all three viruses in 104CL cells was markedly lower than Vero
and HUVECs, however Car®' titers were the lowest in these cells. At 48 hpi, Car®' replication was still reduced
compared to the other viruses in 104Cl and Vero cells, however in HUVECs Car®! and Car® had similar titers.
After 72 h, Chic had the highest titers in Vero and HUVECS. Titers of Car® and Chic were similar in 104CL
cells at this time point. Overall, Car®! replicated the poorest in all cell types tested with titers several fold lower
than those of Car® and Chic. The replication differences between Car®! and Car® were statistically significant
(two-way ANOVA; p < 0.05) at 72h in HUVECs and 104CL cells, but not in Vero cells. Growth titers were also
significantly different between Car® and Chic at 72 hpi in all cell types (two-way ANOVA; p < 0.05). Together
these findings indicated that Car®! does not replicate as efficiently in cell culture as the virulent Car® and Chic
strains.

MACV strain Car®! protects guinea pigs against lethal infection by GTOV. Because Car’' was
highly attenuated in guinea pigs but produced detectable immune responses in 10/12 guinea pigs (SFig. 1 and
Fig. 4), we hypothesized that it might function as an attenuated vaccine. Therefore, we examined the ability of
Car?! to protect guinea pigs against GTOV, a distantly related human pathogenic NW arenavirus species and
causative agent of Venezuelan hemorrhagic fever’* 4> %!, Eight guinea pigs were challenged with GTOV 45 days
after exposure to Car®! (Fig. 5). As a control for acute infection, a group of six weight-matched naive guinea
pigs were also infected with GTOV. Animals were monitored for survival, weight loss and fever over 25 days
(Fig. 5A-C). Consistent with previous findings® *!, control animals began to lose weight starting around day 6
with concomitant fever. All control animals succumbed to infection with a MTD of 16 days. All but one animal
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Figure 4. In vitro characterization of Car®!, Car®® and Chic. (A) Particle-to-pfu ratios for each of the indicated
MACYV strains were determined using a ViroCyt system. Four virus preparations for each virus were tested in
triplicate. The geometric means are indicated by the solid line. (B) The indicated cell types were infected with
Car”! (circles), Car® (squares) or Chic (triangles) at an MOI of 0.1 and replication was quantitated at 24, 48 and
72 hpi by plaque assay. All samples were titered in duplicate and the mean +/— SD were graphed.

previously exposed to Car®! survived infection. The single non-survivor succumbed to disease on day 17 after a
period of weight loss and mild fever (~40.3 °C).

The presence of binding antibody against MACV, JUNV and GTOV was evaluated by ELISA using sera from
Car”'-exposed (vaccinated) guinea pigs collected prior to and 30 days after GTOV challenge (Fig. 6A). Prior to
GTOV challenge, six of eight animals infected with MACV strain Car® had detectable antibodies against MACV
with alog,) GMT of 2.5. These responses increased following GTOV challenge to 3.6, but this increase was not
significant (T-test; p=0.1461). Antibody titers against GTOV prior to GTOV challenge were low or below detec-
tion. However, antibody titers against GTOV rose significantly (T-test; p=0.0002) after GTOV challenge to a
log,o GMT of 2.5. Antibody titers against JUNV were also detected prior to GTOV challenge (log,, GMT 2.0)
in all but one animal and these responses significantly increased after GTOV challenge (T-test; p=0.0242) with
alog, GMT of 3.0. Animal#4, which succumbed to GTOV infection despite receiving Car®, had undetectable
ELISA titers against MACV, GTOV and JUNV and an undetectable PRNT50 titer against MACV. Animal#1
survived GTOV challenge despite having no detectable humoral responses against GTOV and MACYV, and a low
response against JUNV ELISA antigen.

The PRNT titers against MACYV significantly increased subsequent to GTOV challenge, with GMT PRNT80
titers rising from 59 to 320 (T-test; p=0.0112) (Fig. 6B). Despite the presence of MACV, GTOV and JUNV IgG
antibody in all animals surviving GTOV challenge, we did not detect any neutralizing activity against GTOV or
JUNV (Fig. 6C). These findings demonstrated that guinea pigs inoculated with Car®! are protected against heter-
ologous challenge by GTOV. However, this protection occurred in the absence of detectable neutralizing antibody
responses against the challenge virus.

Discussion

A major goal of arenavirus vaccine design is to develop a pan-arenavirus vaccine that protects against heterolo-
gous species within either the OW and NW complexes, or more broadly. Previous work has shown that JUNV,
MACYV and TACV can cross-protect against each other in animal models** 2. However, we and others have
found that JUNV and MACV to be much more serologically related (based on cross-neutralization and GP1
cross-binding) compared to GTOV?*. Accordingly, to thoroughly gauge the level of heterologous protection
against other NW arenaviruses, we purposely challenged Car®'-vaccinated guinea pigs with the more genetically
and serologically distant GTOV?® %, We also delayed challenge for 45 days after the initial inoculation with Car®!
to avoid any transient innate immune effects that may have enhanced protection. The single animal succumb-
ing to GTOV challenge failed to produce detectable antibodies against even MACV. We predict a higher dose
(>10-fold) of Car®! would have elicited more robust and protective immune responses and thus resulted in 100%
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Figure 5. Protective efficacy of MACV strain Car®! against lethal GTOV challenge in guinea pigs. (A) Survival
plot of naive (red squares) and Car®'-vaccinated (black circles) guinea pigs infected by the i.p. route with 2,000
pfu GTOV. Survival was plotted for 30 day post-infection. (B) Percent loss from starting weight was plotted for
each group as described above. (C) Temperature was monitored as in Fig. 3.

protection. This prediction is based on the fact that the dose of the JUNV attenuated vaccine Candid#1 in humans
is 40,000 pfu®, whereas here we used Car’! at 1,000 pfu. Curiously, neutralizing antibody against GTOV was not
detected in any animal even after GTOV challenge. Other studies demonstrate that TACV protects against JUNV
infection in the absence of neutralizing antibody responses targeting the challenge virus?. These data support a
model whereby non-neutralizing antibody and/or cytotoxic T-cell responses may play essential roles in protection
against heterologous challenges. More work will be needed to fully address the correlates of protection how-
ever; our findings clearly indicate that attenuated MACYV strains can produce cross-protective immune responses
against distantly related arenaviruses at least within the same complex. While not tested in our study, it is likely
Car”-inoculated animals would have been protected against challenge by a virulent strain of MACV (i.e. Car®®
or Chic). JUNV strain candid#1 protects against JUNV in infected animals, and this correlates with neutralizing
antibody responses?!.

We previously reported that treatment of guinea pigs with anti-MACYV neutralizing antibodies significantly
reduces the humoral immune responses against Car®!, suggesting the avirulent isolate had to replicate to some
extent within infected animals to produce adequate immune responses®. This is supported by hematology data
(SFig. 2) showing that the numbers of WBC/LEUKO are elevated over control animals two weeks after inocula-
tion with Car’! indicating an active immune response against the avirulent strain. Interestingly, WBC/LEUKO
values after Car® (SFig. 2) and Chic (data not shown) exposure were similar to the controls, which is consistent
with the ability of virulent strains of arenaviruses to cause suppression of the leukocyte responses®. Similarly, PLT
values were also decreased for virulent strains consistent with the ability of arenaviruses to cause thrombocytope-
nia in infected hosts*. Importantly, Car®® did not cause any apparent signs of disease such as weight loss or fever
and LUC values of exposed animals, which are indicative of acute viral infections, were not elevated, but were
for the virulent Car® isolate.

Arenavirus IGRs are situated between each encoded ORF on both L and S segments®, and play important roles
in transcription and production of infectious progeny virions*2. Mechanistically, IGRs fold into single or double
stem-loop structures and are essential for transcription termination. Because the tertiary structure of the IGR is
critical for mRNA transcription termination, modifications can significantly impact the efficiency of replication
by disrupting protein synthesis. For example, truncation of the LUJV L-segment IGR produces a virus that repli-
cates less efficiently in vitro due to inefficient gene transcription®’. Our findings strongly suggest that spontaneous
alteration of the L-segment IGR is chiefly responsible for the loss of virulence of the Car® variant in guinea pigs.
High levels of DI particles in the Car®' stock could also potentially cause attenuation, but examination of the
sequencing data does not support the presence of higher levels of DI particles in the Car®® stock compared to
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Figure 6. Binding and neutralizing antibody responses in guinea pigs infected with GTOV. (A) Antibody
binding titers were determined by coating 96-well plates with the indicated PsV's and incubating them with
serially diluted antiserum samples from before (circles/PRE) or after (squares/POST) challenge with GTOV. The
dashed line denotes the limit of detection. The red circle denotes the single animal (Animal #4) that succumbed
to infection. The blue symbols denote the same animal before and after GTOV challenge. Note that titers against
MACYV prior to GTOV challenge are also depicted in Fig. 4B. (B) PRNTSO titers against MACV (Car®) prior to
and after challenge with GTOV were determined as above. Note that PRNT8O0 titers prior to GTOV challenge
are also depicted in Fig. 4C. (C) PRNT50 titers against JUNV, MACV and GTOV were determined as in Fig. 2.
Titers were determined as described above. The dashed line indicates the limit of detection. For all panels,
asterisks denote statistical significance.

the Car®® stock. The three silent mutations detected in the L protein open reading frame do not impact amino
acid coding, making it unlikely they could contribute largely to attenuation. Thus, the only substantial difference
between the avirulent Car®' and virulent Car®® is the L-segment IGRs. However, future studies using available
MACV reverse genetic systems* will be needed to fully determine if the 35 nt partial IGR deletion alone is solely
responsible for the attenuation.

It is unclear how a partial L-segment IGR deletion arose during passage of strain Carvallo. The available
evidence indicates that Car® was passaged two additional times in VeroE6 cells compared to Car®®. Some work
has shown that MACV can be attenuated by cell culture passage?, but these studies did not report if attenuation
involved IGR modification. Curiously Yun, et al., reported that the JUNV strain XJ was apathogenic in guinea
pigs after additional passaging in mouse brains*. Other variants of XJ are known to be virulent in the guinea pig
model**~*, It was not reported if this attenuation was the result of an IGR mutation or some other factor(s). The
spontaneous loss of virulence of different mammalian arenaviruses as a result of propagation underscores the
need to obtain sequencing data from clinical isolates as soon as they emerge to prevent the deleterious effects of
cell culture or animal adaptation of the viral genome.

Car” had reduced replication fitness in vitro compared to Car®, including reduced replication in primary
endothelial cells, which are in vivo targets of the virus*. However, these growth defects were relatively mod-
est. Notably, the 1.5log reduction in growth was similar to that observed for the LUJV containing the partial
L-segment IGR deletion®’. Whether the Car®! replication deficiency alone results in the attenuation in vivo is not
clear. It is possible that reduction in the size of the IGR and the resultant bearing on its tertiary structure may
impact innate immune signaling pathways within infected cells, and this could play a critical role in attenuation.
Hyperstimulation of the innate immune response as evidenced by interferon (IFN) stimulated gene expression
has been observed in cell culture for attenuated JUNV vaccine strain Candid#1°°. Future studies will be needed to
fully elucidate the mechanism(s) by which partial IGR deletion produces apathogenic arenaviruses in vivo, with
particular emphasis on activation of IFN stimulated gene products. Such analysis will benefit from the develop-
ment of transcriptomic platforms specific to guinea pig gene expression®'.

Recent work by Iwasaki, M. et al. has focused on exploiting alterations in the IGR as a means of produc-
ing rational whole-virus vaccines against arenaviruses. Addition of synthetic (non-viral S-IGR like) sequence or
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swapping the IGRs of the L- and S-segments produces attenuated viruses that can protect mice against secondary
challenge with wild-type LCM V>33, Our work indicates that modification of the L-segment IGR, including a 35
nt deletion, can also produce an attenuated virus that functions as a vaccine. Whether substitution of the IGR,
incorporation of a synthetic IGR or deletion of the IGR is the best approach in live-attenuated arenavirus vaccine
development remains to be determined. One advantage to deletion of multiple nucleotides is that reversion to
wild-type is improbable. Work involving the arenavirus IGR as a vaccine strategy has focused exclusively on OW
arenaviruses, specifically LCMV. Our study advances these vaccine strategies by supporting alteration of the IGRs
as a powerful means of producing an attenuated live-virus vaccine against NW arenaviruses.

Many human pathogenic arenaviruses are endemic and well-described, such as LASV which causes >100,000
infections annually, in addition to several of the South American arenaviruses including JUNV, MACV and
GTOV**. However, novel human pathogenic arenaviruses emerge at unpredictable rates in both the Americas
and Africa® 37169, the most recent being Lujo virus in Africa. Accordingly, any vaccine-based countermeasure
should be designed to protect broadly protect against known and unknown arenaviruses. Our work and the work
of others®> ** support the use of IGR-modification as a strategy for pan-arenavirus vaccine development. With
the advent of arenavirus reverse genetics®, other attenuation strategies such as codon deoptimization®”*® could
be combined with IGR-modification to produce rationally-designed vaccines that are both highly-attenuated, yet
replication competent and safe for human use.

Methods

Viruses and cells. GTOV strain INH95551, MACV strain Chicava and two MACV strain variants of
Carvallo from passages dated 1968 (Car®®) and 1991 (Car®') were propagated as previously reported®. All viruses
were twice plaque purified prior to use. Car® was passaged twice in sucking hamster brains and once in VeroE6
cells. Car®! was passaged an addition two times in VeroE6 cells. 239 T cells and 104CL guinea pig fibroblasts
(ATCC) were maintained in MEM or RPMI containing 10% heat-inactivated fetal bovine serum (FBS), 1% antibi-
otics (100 U/ml penicillin, 100 pg/ml of streptomycin, respectively. HUVECs were purchased from a commercial
source (Lonza) and maintained in endothelial growth medium.

Challenge of Hartley guinea pigs. Female Hartley guinea pigs (300-400 g) were implanted with IPTT-
3000 identification chips to monitor temperature (BMDS INC; Seaford, DE). Animals were challenged with
the indicated MACYV strains (1,000 pfu) or GTOV (2,000 pfu) diluted in a total volume of 0.5 ml PBS by intra-
peritoneal (i.p.) injection. Animals were weighed and monitored for fever. All animal studies were conducted
in compliance with the Animal Welfare Act and other federal statutes and regulations relating to animals and
experiments involving animals and adheres to principles state in the Guide for the Care and Use of Laboratory
Animals, National Research Council®. All animal experimental protocols were approved by a standing inter-
nal institutional animal care and use committee (IACUC). The facilities where this research was conducted are
fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International.
Animals meeting criteria were humanly euthanized.

Plaque reduction and neutralization tests (PRNTs). PRNTs were performed as previously described®
using guinea pig serum serially diluted two-fold starting at 1:40. Percent neutralization was calculated relative
to the number of plaques in the presence of negative control serum. Titers represent the reciprocal of the high-
est dilution resulting in a 50% reduction in the number of plaques. Data were plotted using Graphpad Prism
software.

Growth kinetics. Vero, 104CL and HUVECs were seeded at a density of 1 eql x 10° cells per well in 24-well
plates and infected at an MOI of 0.1 with the indicated viruses diluted in culture medium. Virus growth at 24,
48 and 72 h was determined by plaque assay on Vero cell monolayers. All samples were run in two independent
replicates and plotted as the mean 4-/ — standard deviation (SD) using Graphpad Prism software.

Particle-to-PFU ratio. Particle counts were determined with a Virocyt machine (Virocyt, Boulder, CO)
using the manufacture’s protocol. The particle-to-pfu ratios were determined by dividing particle counts by the
amount of infectious virus. Four independent virus preparations per strain were used in the calculations.

Genome Sequencing. RNA was extracted from Trizol homogenates of MACYV, converted to cDNA, and
subjected to sequence-independent, single primer amplification (SISPA)®!. The products of these reactions were
used to generate libraries that were sequenced on an Illumina MiSeq. Sequencing reads were assembled using
DNAStar SeqMan NGen. Predicted secondary structures of the IGRs were determined using DNAstar Genequest.

Identification of defective genomes. To look for putatively defective vNiral genomes (i.e., genomes with
large deletions or rearrangements), we identified chimeric reads from the Illumina dataset. Chimeric reads were
defined as reads with 1) two distinct, non-overlapping alignments to different regions of the MACV genome and
with 2) >99% of read bases aligned to the reference when considering both alignments together. To prevent bleed
through between multiplexed samples, we used non-overlapping dual indexes and we filtered out any reads with
index base qualities less than Phred 20, on average. Only the first read from each pair was used to avoid double
counting. [llumina and SISPA adaptors were clipped using Cutadapt v1.9.dev1%? and Prinseq-lite v0.20.3% was
used to 1) remove 6 nt from the beginning and end of each read (“~trim_right 6 —trim_left 6”; to remove ran-
dom hexamers), 2) trim low quality bases from the 3’ ends of the reads (“~trim_qual_right 30 —trim_qual_type
min —trim_qual_window 5”), 3) remove reads <40nt in length or with a mean quality score less than Phred 20
(“~min_len 40 -min_qual_mean 20”), 4) remove reads with low complexity (“~lc_method dust -Ic_threshold 3”)
and 5) remove exact duplicates (“~derep 14”). Reads were then aligned to a reference sequence (Car®® GenBank:
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KM198592.1 and KM 198593.1; Car®! sequences have been uploaded to GenBank) using BWA mem v.0.7.12 with
default parameters®. Chimeric reads were identified and characterized using a custom script, chimeric_reads.
py v3.5.4 (https://github.com/jtladner/Scripts/tree/master/chimeric_reads). Note that the S-segment consensus
sequence for Car®® exactly matches that of Car® (KM198592.1).

Pseudovirion neutralization assay (PsVNA) and ELISA. The pseudovirion neutralization assay
(PsVNA) has been described in detail elsewhere®® . Briefly, a vesicular stomatitis virus backbone with a lucif-
erase reporter gene (PsV) was used to produce particles decorated with glycoproteins from MACYV, JUNV and
GTOV. These particles were subsequently incubated with the indicated serially diluted sera in triplicate and the
geometric mean PsVNABSO titers (GMT) plotted. The use of PsV as solid phase antigen in ELISAs has been previ-
ously described in detail*.

Statistical analysis. Two-way ANOVA with the Bonferroni correction was used to analyze both weight and
viral replication (in vitro). Log-rank test was performed for statistical analysis of survival. The statistical signifi-
cance of PRNTs was determined using an unpaired two-tailed Student’s ¢ test. Significance levels were set at a p
value less than 0.05. All analyses were performed using Prism software.

Data Availability.  All data generated or analyzed during this study are included in this published article (and
its Supplementary Information files) with the exception of the genomic data for Car®’. The sequencing informa-
tion for Car®! has been uploaded to Genbank.

References

1. Vezza, A. C. et al. Virion RNA species of the arenaviruses Pichinde, Tacaribe, and Tamiami. ] Virol 26, 485-497 (1978).

2. Buchmeier, M. J., De la Torre, J. C. & Peters, C. J. in Fields Virology Vol. 2 (eds D.M. Knipe & P.M. Howley) 1283-1303 (Lippencott,
Williams and Wilkins, 2013).

3. Bishop, D. H. & Auperin, D. D. Arenavirus gene structure and organization. Curr Top Microbiol Immunol 133, 5-17 (1987).

4. Perez, M., Craven, R. C. & de la Torre, J. C. The small RING finger protein Z drives arenavirus budding: implications for antiviral
strategies. Proc Natl Acad Sci USA 100, 12978-12983, doi:10.1073/pnas.2133782100 (2003).

5. Kranzusch, P. J. et al. Assembly of a functional Machupo virus polymerase complex. Proc Natl Acad Sci USA 107, 20069-20074,
doi:10.1073/pnas.1007152107 (2010).

6. Buchmeier, M. ], Elder, J. H. & Oldstone, M. B. Protein structure of lymphocytic choriomeningitis virus: identification of the virus
structural and cell associated polypeptides. Virology 89, 133-145 (1978).

7. Lenz, O., ter Meulen, ], Klenk, H. D., Seidah, N. G. & Garten, W. The Lassa virus glycoprotein precursor GP-C is proteolytically
processed by subtilase SKI-1/S1P. Proc Natl Acad Sci USA 98, 12701-12705, doi:10.1073/pnas.221447598 (2001).

8. Auperin, D. D., Galinski, M. & Bishop, D. H. The sequences of the N protein gene and intergenic region of the S RNA of pichinde
arenavirus. Virology 134, 208-219 (1984).

9. Romanowski, V. & Bishop, D. H. Conserved sequences and coding of two strains of lymphocytic choriomeningitis virus (WE and
ARM) and Pichinde arenavirus. Virus Res 2, 35-51 (1985).

10. Salazar-Bravo, J., Ruedas, L. A. & Yates, T. L. Mammalian reservoirs of arenaviruses. Curr Top Microbiol Immunol 262, 25-63 (2002).

11. Peters, C. J. Human infection with arenaviruses in the Americas. Curr Top Microbiol Immunol 262, 65-74 (2002).

12. Paessler, S. & Walker, D. H. Pathogenesis of the viral hemorrhagic fevers. Annu Rev Pathol 8, 411-440, doi:10.1146/annurev-
pathol-020712-164041 (2013).

13. Charrel, R. N. & de Lamballerie, X. Arenaviruses other than Lassa virus. Antiviral Res 57, 89-100 (2003).

14. Delgado, S. et al. Chapare virus, a newly discovered arenavirus isolated from a fatal hemorrhagic fever case in Bolivia. PLoS Pathog
4, 1000047, doi:10.1371/journal.ppat.1000047 (2008).

15. Gonzalez, J. P., Bowen, M. D., Nichol, S. T. & Rico-Hesse, R. Genetic characterization and phylogeny of Sabia virus, an emergent
pathogen in Brazil. Virology 221, 318-324, d0i:10.1006/viro.1996.0381 (1996).

16. Centers for Disease, C. & Prevention. Fatal illnesses associated with a new world arenavirus—California, 1999-2000. MMWR Morb
Mortal Wkly Rep 49, 709-711 (2000).

17. Maiztegui, J. I, Fernandez, N. J. & de Damilano, A. J. Efficacy of immune plasma in treatment of Argentine haemorrhagic fever and
association between treatment and a late neurological syndrome. Lancet 2, 1216-1217 (1979).

18. Stinebaugh, B. . et al. Bolivian hemorrhagic fever. A report of four cases. Am ] Med 40, 217-230 (1966).

19. Kenyon, R. H., Canonico, P. G., Green, D. E. & Peters, C. J. Effect of ribavirin and tributylribavirin on argentine hemorrhagic fever
(Junin virus) in guinea pigs. Antimicrob Agents Chemother 29, 521-523 (1986).

20. Maiztegui, J. I. et al. Protective efficacy of a live attenuated vaccine against Argentine hemorrhagic fever. AHF Study Group. ] Infect
Dis 177, 277-283 (1998).

21. McKee, K. T.Jr,, Oro, J. G., Kuehne, A. I, Spisso, J. A. & Mahlandt, B. G. Candid No. 1 Argentine hemorrhagic fever vaccine protects
against lethal Junin virus challenge in rhesus macaques. Intervirology 34, 154-163 (1992).

22. McKee, K. T. Jr,, Oro, J. G., Kuehne, A. L, Spisso, J. A. & Mahlandt, B. G. Safety and immunogenicity of a live-attenuated Junin
(Argentine hemorrhagic fever) vaccine in rhesus macaques. Am J Trop Med Hyg 48, 403-411 (1993).

23. Peters, C.]. et al. Experimental studies of arenaviral hemorrhagic fevers. Curr Top Microbiol Immunol 134, 5-68 (1987).

24. Martinez Peralta, L. A., Coto, C. E. & Weissenbacher, M. C. in The Arenaviridae (ed M. Salvato) Ch. 16, 281-298 (Plenum Press,
1993).

25. Albarino, C. G. et al. The major determinant of attenuation in mice of the Candid1 vaccine for Argentine hemorrhagic fever is
located in the G2 glycoprotein transmembrane domain. J Virol 85, 10404-10408, doi:10.1128/JV1.00856-11 (2011).

26. Barrera Oro, J. G. & McKee, K. T. Jr. Toward a vaccine against Argentine hemorrhagic fever. Bull Pan Am Health Organ 25, 118-126
(1991).

27. Enria, D. A. & Barrera Oro, J. G. Junin virus vaccines. Curr Top Microbiol Immunol 263, 239-261 (2002).

28. Weissenbacher, M. C., Coto, C. E. & Calello, M. A. Cross-protection between Tacaribe complex viruses. Presence of neutralizing
antibodies against Junin virus (Argentine hemorrhagic fever) in guinea pigs infected with Tacaribe virus. Intervirology 6, 42-49
(1975).

29. Weissenbacher, M. C. et al. Cross-protection in nonhuman primates against Argentine hemorrhagic fever. Infect Immun 35, 425-430
(1982).

30. Lopez, N. et al. Homologous and heterologous glycoproteins induce protection against Junin virus challenge in guinea pigs. ] Gen
Virol 81, 1273-1281 (2000).

31. Seregin, A. V. et al. TC83 replicon vectored vaccine provides protection against Junin virus in guinea pigs. Vaccine 28, 4713-4718,
doi:10.1016/j.vaccine.2010.04.077 (2010).

32. Howard, C. R. Neutralization of arenaviruses by antibody. Curr Top Microbiol Immunol 134, 117-130 (1987).

SCIENTIFICREPORTS |7:4679 | DOI:10.1038/s41598-017-04889-x 10


https://github.com/jtladner/Scripts/tree/master/chimeric_reads
http://dx.doi.org/10.1073/pnas.2133782100
http://dx.doi.org/10.1073/pnas.1007152107
http://dx.doi.org/10.1073/pnas.221447598
http://dx.doi.org/10.1146/annurev-pathol-020712-164041
http://dx.doi.org/10.1146/annurev-pathol-020712-164041
http://dx.doi.org/10.1371/journal.ppat.1000047
http://dx.doi.org/10.1006/viro.1996.0381
http://dx.doi.org/10.1128/JVI.00856-11
http://dx.doi.org/10.1016/j.vaccine.2010.04.077

www.nature.com/scientificreports/

33. Johnson, K. M. et al. Virus Isolations from Human Cases of Hemorrhagic Fever in Bolivia. Proc Soc Exp Biol Med 118, 113-118
(1965).

34. Golden, J. W,, Hammerbeck, C. D., Mucker, E. M. & Brocato, R. L. Animal Models for the Study of Rodent-Borne Hemorrhagic
Fever Viruses: Arenaviruses and Hantaviruses. Biomed Res Int 2015, 793257, doi:10.1155/2015/793257 (2015).

35. Peters, C. J. et al. Hemorrhagic fever in Cochabamba, Bolivia, 1971. Am J Epidemiol 99, 425-433 (1974).

36. Golden, J. W. et al. Glycoprotein-Specific Antibodies Produced by DNA Vaccination Protect Guinea Pigs from Lethal Argentine and
Venezuelan Hemorrhagic Fever. J Virol 90, 3515-3529, doi:10.1128/JV1.02969-15 (2016).

37. Bell, T. M. et al. Pathogenesis of Bolivian Hemorrhagic Fever in Guinea Pigs. Vet Pathol, doi:10.1177/0300985815588609 (2015).

38. Nixon, D. E, Parsons, A. J. & Eglin, R. P. Routine full blood counts as indicators of acute viral infections. ] Clin Pathol 40, 673-675
(1987).

39. Marriott, A. C. & Dimmock, N. J. Defective interfering viruses and their potential as antiviral agents. Rev Med Virol 20, 51-62,
doi:10.1002/rmv.641 (2010).

40. Cajimat, M. N. et al. Genetic diversity among Bolivian arenaviruses. Virus Res 140, 24-31, doi:10.1016/j.virusres.2008.10.016 (2009).

41. Tesh, R. B,, Jahrling, P. B, Salas, R. & Shope, R. E. Description of Guanarito virus (Arenaviridae: Arenavirus), the etiologic agent of
Venezuelan hemorrhagic fever. Am ] Trop Med Hyg 50, 452-459 (1994).

42. Pinschewer, D. D., Perez, M. & de la Torre, J. C. Dual role of the lymphocytic choriomeningitis virus intergenic region in
transcription termination and virus propagation. J Virol 79, 4519-4526, doi:10.1128/JV1.79.7.4519-4526.2005 (2005).

43. Bergeron, E. et al. Reverse genetics recovery of Lujo virus and role of virus RNA secondary structures in efficient virus growth. J
Virol 86, 10759-10765, doi:10.1128/JV1.01144-12 (2012).

44. Patterson, M. et al. A substitution in the transmembrane region of the glycoprotein leads to an unstable attenuation of machupo
virus. J Virol 88, 10995-10999, doi:10.1128/JVI.01007-14 (2014).

45. Yun, N. E. et al. Pathogenesis of XJ and Romero strains of Junin virus in two strains of guinea pigs. Am ] Trop Med Hyg 79, 275-282
(2008).

46. Dejean, C. B., Oubina, J. R,, Carballal, G. & Teyssie, A. R. Circulating interferon in the guinea pig infected with the XJ, prototype
Junin virus strain. | Med Virol 24, 97-99 (1988).

47. Samoilovich, S. R., Carballal, G. & Weissenbacher, M. C. Protection against a pathogenic strain of Junin virus by mucosal infection
with an attenuated strain. Am ] Trop Med Hyg 32, 825-828 (1983).

48. Candurra, N. A, Damonte, E. B. & Coto, C. E. Antigenic relationships between attenuated and pathogenic strains of Junin virus. J
Med Virol 27, 145-150 (1989).

49. Gomez, R. M. et al. Endothelial cell function alteration after Junin virus infection. Thromb Haemost 90, 326-333, d0i:10.1160/THO02-
09-0043 (2003).

50. Huang, C. et al. Junin virus infection activates the type I interferon pathway in a RIG-I-dependent manner. PLoS Negl Trop Dis 6,
1659, doi:10.1371/journal.pntd.0001659 (2012).

51. Wali, S. et al. Use of a Guinea pig-specific transcriptome array for evaluation of protective immunity against genital chlamydial
infection following intranasal vaccination in Guinea pigs. PLoS One 9, 114261, doi:10.1371/journal.pone.0114261 (2014).

52. Iwasaki, M., Cubitt, B., Sullivan, B. M. & de la Torre, J. C. The High Degree of Sequence Plasticity of the Arenavirus Noncoding
Intergenic Region (IGR) Enables the Use of a Nonviral Universal Synthetic IGR To Attenuate Arenaviruses. J Virol 90, 3187-3197,
doi:10.1128/JV1.03145-15 (2016).

53. Iwasaki, M., Ngo, N., Cubitt, B., Teijaro, J. R. & de la Torre, J. C. General Molecular Strategy for Development of Arenavirus Live-
Attenuated Vaccines. J Virol 89, 12166-12177, doi:10.1128/JV1.02075-15 (2015).

54. Charrel, R. N. & de Lamballerie, X. Zoonotic aspects of arenavirus infections. Vet Microbiol 140, 213-220, doi:10.1016/j.
vetmic.2009.08.027 (2010).

55. Briese, T. et al. Genetic detection and characterization of Lujo virus, a new hemorrhagic fever-associated arenavirus from southern
Africa. PLoS Pathog 5, €1000455, doi:10.1371/journal.ppat.1000455 (2009).

56. Emonet, S. E., Urata, S. & de la Torre, J. C. Arenavirus reverse genetics: new approaches for the investigation of arenavirus biology
and development of antiviral strategies. Virology 411, 416-425, d0i:10.1016/j.virol.2011.01.013 (2011).

57. Cheng, B. Y., Nogales, A., de la Torre, J. C. & Martinez-Sobrido, L. Development of live-attenuated arenavirus vaccines based on
codon deoptimization of the viral glycoprotein. Virology 501, 35-46, d0i:10.1016/j.virol.2016.11.001 (2017).

58. Cheng, B. Y., Ortiz-Riano, E., Nogales, A., de la Torre, J. C. & Martinez-Sobrido, L. Development of live-attenuated arenavirus
vaccines based on codon deoptimization. J Virol 89, 3523-3533, doi:10.1128/JV1.03401-14 (2015).

59. Council, N. R. Guide for the Care and Use of Laboratory Animals. 8th edn, (National Academies Press, 2011).

60. Webb, P. A., Johnson, K. M. & Mackenzie, R. B. The measurement of specific antibodies in Bolivian hemorrhagic fever by
neutralization of virus plaques. Proc Soc Exp Biol Med 130, 1013-1019 (1969).

61. Djikeng, A. et al. Viral genome sequencing by random priming methods. BMC Genomics 9, 5, doi:10.1186/1471-2164-9-5 (2008).

62. Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet.journal 17, 10 (2011).

63. Schmieder, R. & Edwards, R. Quality control and preprocessing of metagenomic datasets. Bioinformatics 27, 863-864, doi:10.1093/
bioinformatics/btr026 (2011).

64. Li, H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv:1303.3997v2 (2013).

65. Kwilas, S. et al. A hantavirus pulmonary syndrome (HPS) DNA vaccine delivered using a spring-powered jet injector elicits a potent
neutralizing antibody response in rabbits and nonhuman primates. Curr Gene Ther 14, 200-210 (2014).

Acknowledgements

We thank the USAMRIID Veterinary Medicine Division and Brian Kearny for technical assistance. We also thank
Becky Brocato for critically evaluating the manuscript. This project was funded in part by a grant awarded to
J.W.H. from the Military Infectious Disease Research Program area T. J.W.G. was supported from a grant by the
Assistant Secretary of the Army for Acquisition, Logistics, and Technology In-house Laboratory Independent
Research grant. Sequencing of the MACYV stocks was funded by the Defense Threat Reduction Agency. Opinions,
interpretations, conclusions, and recommendations are those of the author and not necessarily endorsed by the
U.S. Army or the Department of Defense.

Author Contributions

J.W.G. and J.W.H. conceived and designed the study. JJW.G., S.A.K. and E.M.M. performed the cell culture and
guinea pig experiments. B.B., ].T.L. and G.P. performed the genomic analysis. ] W.G. wrote the manuscript. All
authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-04889-x

SCIENTIFICREPORTS |7: 4679 | DOI:10.1038/s41598-017-04889-x 11


http://dx.doi.org/10.1155/2015/793257
http://dx.doi.org/10.1128/JVI.02969-15
http://dx.doi.org/10.1177/0300985815588609
http://dx.doi.org/10.1002/rmv.641
http://dx.doi.org/10.1016/j.virusres.2008.10.016
http://dx.doi.org/10.1128/JVI.79.7.4519-4526.2005
http://dx.doi.org/10.1128/JVI.01144-12
http://dx.doi.org/10.1128/JVI.01007-14
http://dx.doi.org/10.1160/TH02-09-0043
http://dx.doi.org/10.1160/TH02-09-0043
http://dx.doi.org/10.1371/journal.pntd.0001659
http://dx.doi.org/10.1371/journal.pone.0114261
http://dx.doi.org/10.1128/JVI.03145-15
http://dx.doi.org/10.1128/JVI.02075-15
http://dx.doi.org/10.1016/j.vetmic.2009.08.027
http://dx.doi.org/10.1016/j.vetmic.2009.08.027
http://dx.doi.org/10.1371/journal.ppat.1000455
http://dx.doi.org/10.1016/j.virol.2011.01.013
http://dx.doi.org/10.1016/j.virol.2016.11.001
http://dx.doi.org/10.1128/JVI.03401-14
http://dx.doi.org/10.1186/1471-2164-9-5
http://dx.doi.org/10.1093/bioinformatics/btr026
http://dx.doi.org/10.1093/bioinformatics/btr026
http://dx.doi.org/10.1038/s41598-017-04889-x

www.nature.com/scientificreports/

Competing Interests: . W.G. and ].W.H. have applied for a patent regarding the use of truncated IGR regions for
live-attenuated NW arenavirus vaccines.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

. | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7:4679 | DOI:10.1038/s41598-017-04889-x 12


http://creativecommons.org/licenses/by/4.0/

	An attenuated Machupo virus with a disrupted L-segment intergenic region protects guinea pigs against lethal Guanarito viru ...
	Results

	MACV strain Car68 and Chic are lethal in guinea pigs, while strain Car91 is attenuated. 
	Genomic analysis of Car91 and Car68. 
	In vitro characterization of Car91, Car68 and Chic. 
	MACV strain Car91 protects guinea pigs against lethal infection by GTOV. 

	Discussion

	Methods

	Viruses and cells. 
	Challenge of Hartley guinea pigs. 
	Plaque reduction and neutralization tests (PRNTs). 
	Growth kinetics. 
	Particle-to-PFU ratio. 
	Genome sequencing. 
	Identification of defective genomes. 
	Pseudovirion neutralization assay (PsVNA) and ELISA. 
	Statistical analysis. 
	Data Availability. 

	Acknowledgements

	Figure 1 Infection of Hartley guinea pigs with MACV strain Car68, Car91 and Chicava.
	Figure 2 Evaluation of serum from MACV infected guinea pigs.
	Figure 3 Sequence of MACV strain Car91 and Car68.
	Figure 4 In vitro characterization of Car91, Car68 and Chic.
	Figure 5 Protective efficacy of MACV strain Car91 against lethal GTOV challenge in guinea pigs.
	Figure 6 Binding and neutralizing antibody responses in guinea pigs infected with GTOV.




