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Abstract

Machupo virus (MACV), a member of the Arenaviridae family and causative agent of
Bolivian hemorrhagic fever, results in lethality rates of 25-35% in humans. Mice lacking the
signal transducer and activator of transcription 1 (STAT-1/~) have previously been shown
to succumb to MACYV infection within 7-8 days via the intraperitoneal route. Despite
these reports, we observed partial lethality in STAT-1~/~ mice following challenge with
wild-type MACV. Serial sampling studies to evaluate the temporal progression of infection
and pathologic changes after challenge revealed a two-phase disease course. The first phase
was characterized by viral load and pathological lesions in the spleen, liver, and kidney
followed by a second, lethal phase, defined by high viral titers and inflammation in the
brain and spinal cord resulting in neurological manifestations and subsequent mortality.
Tissue adaptation in the brains of challenged STAT-1~/~ mice resulted in a fully lethal
model in STAT-1~/~ mice (mouse-adapted; maMACV). A similar two-phase disease course
was observed following maMACYV challenge, but more rapid dissemination of the virus to
the brain and overall pathology in this region was observed. The outcome of these studies
is a lethal small rodent model of MACYV that recapitulates many aspects of human disease.

Keywords: arenavirus; STAT1; Machupo virus; arenavirus mouse models

1. Introduction

Machupo virus (MACYV), the etiological agent of Bolivian hemorrhagic fever (BHF),
is a member of the Arenaviridae family [1-3]. First described during an outbreak of severe
febrile disease in the Beni district of Bolivia in 1959, recurring outbreaks have been reported
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sporadically, and the number of human cases has been increasing since 2006 [4—6]. Infection
is primarily associated with rodent urine or excreta spread through the Calmys callosus
vector, or large vesper mouse, and generally occurs through inhalation of aerosolized virus,
ingestion of virus through contaminated food, introduction onto mucous membranes, and
on occasion through nosocomial transmission [1-3,7-11].

The incubation period for BHF varies from 5 to 21 days, but averages 7 to 14 days
following exposure [2,5,11-14]. Infection in humans often follows a biphasic disease
progression [5]. An initial prodromal phase is characterized by fever, lethargy, malaise,
dehydration, headache, myalgia, dehydration, anorexia, and cough, which is followed by
a neurologic and hemorrhagic phase that leads to hemorrhage of mucosal membranes,
petechiae, hypotension, blood in vomit and stool, tremors, convulsions, muscle spasms,
encephalopathy, melena, and, in severe cases, death [5,14]. The mortality rate of BHF is
estimated to be around 30% [5,15]. Those that recover may experience a convalescence
period of several weeks to months signified by fatigue, dizziness, hair loss, and general
weakness. There are currently no approved therapeutics or vaccines available to treat or
prevent infection by MACV. Use of convalescent immune sera and plasma has shown
some efficacy against MACV in human infection if administered prior to the establishment
of hemorrhagic disease [6,11]; however, no published clinical trials exist to confirm the
efficacy of this treatment. Similarly, immune serum has been shown to be protective in
animal studies [16,17]. Ribavirin, a wide-spectrum antiviral, has also been tested in a
limited number of patients; however, no clinical trials have been performed to test efficacy
in humans [18,19].

Several animal models of MACV disease have been described. Inoculation of non-
human primates (NHPs), including African green monkeys, rhesus monkeys, and cynomol-
gus macaques, results in a similar biphasic disease course as observed in humans [20-24].
An initial acute phase manifests approximately 7-10 days post exposure, with death occur-
ring approximately 8-25 days post virus exposure. This acute phase is followed by a second
phase where surviving NHPs exhibit severe neurological manifestations that can result
in mortality. Further, the Chicava strain of MACYV has been shown to be lethal in Hartley
guinea pigs without adaptation by serial passage [21,25]. Detailed analysis of the disease
course and pathogenesis in this model show many similar clinical signs and patterns of
infection and subsequent inflammation in both humans and NHPs [25]. This includes
initial nonspecific symptoms that progress to neurological conditions manifesting on day
16-20 and subsequent lethality. Adult immunocompetent mice are resistant to MACV
infection [21]. However, mice with a compromised interferon (IFN) pathway have been
shown to be susceptible to infection. Infection of IFN-of3 /v receptor double knockout (KO)
mice via the intraperitoneal (IP) route results in a biphasic disease course characterized by
significant weight loss 10-14 days post-challenge followed by neurological impairment
and mortality 2040 days post-viral challenge [26]. MACV-challenged IFN-«{3 /y KO mice
maintain high viral loads in the brains that persist through death. Mice lacking signal
transducer and activator of transcription 1 (STAT-1~/") have also been reported to be
susceptible to MACYV infection, succumbing approximately 6-20 days post-challenge de-
pending on the route of challenge [27]. In this model, infection of mice via the IP route
resulted in a single phase of disease with complete lethality by 7-8 days post-challenge and
a lack of any neurological manifestations.

Here, we aimed to validate the STAT-1-/~ model of MACV infection with the primary
goal of utilizing it to support the evaluation of MACV-specific medical countermeasures.
However, our preliminary studies revealed a contradictory disease course in comparison
to that observed in prior reports and notably looked similar to the biphasic disease pre-
sentation observed in other MACV rodent and NHP models. As such, the objective of the
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present study was to further characterize the disease course and pathogenesis of MACV
disease in STAT-1=/~ mice.

2. Materials and Methods
2.1. Cell Lines

VeroE6 (RRID: CVCL-0574) were obtained from the American Type Culture Collection
(ATCC). Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (ThermoFisher
Scientific, Waltham, MA, USA) with glutamine, 10% heat-inactivated fetal bovine serum
(AFBS; Gibco), and 1% penicillin—-streptomycin (ThermoFisher Scientific, Waltham, MA,
USA). All in vitro infections were conducted using DMEM with glutamine, 2% AFBS, and
1% penicillin-streptomycin. Cells were maintained in a 37 °C incubator supplied with
5% CO;. Cell lines were not authenticated following purchase.

2.2. Animal Models

The animals used were 4—-12-week-old male and female B6.129S(Cg)—Stat1tmlD1" /] mice
(STAT—lf/ ~; strain #012606; The Jackson Laboratory, Bar Harbor, ME, USA), ranging in
weight from 15 to 30 g, in all animal challenge experiments. These animals had previously
never undergone experimentation and were confirmed to be free of contaminating bacterial
or viral pathogens by the vendor. Animals were randomly allocated to experimental
groups and provided with food and water ad libitum and housed in individually ventilated
cages in groups of 5-10 mice per cage. Murine challenge studies were conducted under
an Institutional Animal Care and Use Committee-approved protocol in compliance with
the Animal Welfare Act, Public Health Service Policy, and other Federal statutes and
regulations relating to animals and experiments involving animals. The facility where
this research was conducted (USAMRIID) is accredited by AAALAC International and
adheres to principles stated in the Guide for the Care and Use of Laboratory Animals,
National Research Council 2011. Mice determined to be moribund, in accordance with
the USAMRIID IACUC approved criteria, were promptly euthanized. Mice were housed
under specific pathogen-free conditions at USAMRIID.

2.3. In Vivo Challenges

The 4-12-week-old male and female STAT-1-/~ mice (The Jackson Laboratory, Bar
Harbor, ME, USA) were exposed IP or intranasally (IN), where indicated, to 100, 1000, or
5000 pfu (where indicated in the results and figure legends) of MACV (strain as indicated).
The mice were observed daily for clinical signs of disease and morbidity and weighed.
The mice were scored on a 4-point grading scale, where a 1 was defined by decreased
grooming and/or ruffled fur, a 2 defined by subdued behavior when un-stimulated, a
3 defined by lethargy, hunched posture, and/or subdued behavior even when stimulated,
and a 4 defined by bleeding, unresponsiveness, severe weakness, or inability to walk. Mice
scoring a 4 were considered moribund and were euthanized. Neurological manifestations
including circling, head tilt, and partial or full hind limb paralysis did occur and were
considered in the scoring criteria when they impacted overall behavior as described above.
Mice with partial or full hind limb paralysis that could not access food or water were
considered moribund.

2.4. Serial Sampling Studies

For serial sampling studies, at the indicated days post-challenge (0, 2, 4, 6, 8, 10, 12, 14,
16, 18, 20, 24, 28, 36, 41, 45, and 63 days or 0, 2, 4, 6, 8, 10, 12, 14, 16, 17, and 18 days post
wild-type MACV-Chicava or maMACV-Chicava challenge, respectively), the mice (n = 2-5)
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were euthanized and whole blood, liver, spleen, kidney, lung, testis, brain, and spinal cord
were collected. The mice were sampled randomly.

2.5. Generation of Mouse-Adapted MACV

For each passage, STAT-1~/~ mice were exposed IP to 1000 pfu of challenge stock, and
a subset (n = 2-5) was harvested for spleen or brain tissue at various times post-challenge.
The spleen and brain were harvested at time points corresponding to the first and second
phase of disease, respectively. The spleen was harvested 6-8 days post-challenge, and
the brain was harvested approximately 18-30 days post-challenge at times when the mice
were displaying severe weight loss and clinical signs of disease (clinical score > 3). The
remaining mice (n = 5-8) were monitored for lethality for 42 days post-challenge. Tissues
were homogenized and viral titers were assessed by a plaque assay. Spleen and brain
homogenate from one to two mice with the highest viral titers were combined separately
to generate spleen and brain homogenate challenge stocksrespectivelyT for use in the next
passage. In total, four passages were undertaken. Four stocks were determined to be
more lethal than parental isolates; MACV-Carvallo or MACV-Chicava passaged one time
in the brains of STAT1~/~ mice (P1 brain homogenate), or two times in the spleens of
STAT1~/~ mice (P2 spleen homogenate). Cell culture-derived stocks of in vivo passaged
virus were generated by the infection of VeroE6 cell monolayers with mouse-adapted tissue
homogenate at a multiplicity of infection (MQOI) of 0.01. Monolayers were incubated at
37 °C for 1 h. Following infection, inoculum was removed, fresh media were added, and
cells were incubated for 5 days at 37 °C. Following incubation, cell culture supernatant was
collected and clarified at 4000x g for 10 min. Clarified supernatant was collected, and a
viral titer was assessed by plaque assay.

2.6. Plaque Assay

Whole blood was centrifuged at 12,000x g for 10 min to collect serum. Tissues
were homogenized in DMEM supplemented with glutamine, 2% AFBS, and 1% penicillin—
streptomycin in gentleMACS™ M tubes (Miltenyi Biotec, Gaithersburg, MD, USA) to
generate a 10% tissue homogenate and clarified to remove cellular debris by centrifugation
at 4000x g for 10 min. Serial dilutions of serum and tissue homogenates were prepared
in DMEM supplemented with glutamine, 2% AFBS, and 1% penicillin-streptomycin. Fol-
lowing dilutions, 200 uL from each dilution was inoculated onto VeroE6 cell monolayers
in 6-well plates. After adsorption for 1 h at 37 °C, cell monolayers were overlaid with
a mixture of 1 part 1% agarose (Seakem ME, Rockland, ME, USA) and 1 part 2x Eagle
basal medium, 30 mM HEPES buffer, and 2% AFBS. Plates were incubated for 5 days at
37 °C, and after 5 days a second overlay supplemented with 5% neutral red was added.
Plaques formed by infectious MACV were then counted 24 h later. Titers are shown as
plaque-forming units (PFUs)/mL.

2.7. ELISA

High-binding half-area plates (Greiner Bio-One, Monroe, NC, USA) were coated with
5 png/mL of recombinant MACV GP (Mapp Biopharmaceuticals, San Diego, CA, USA)
and incubated overnight at 4 °C. Approximately eighteen hours later, plates were blocked
with blocking buffer (5% milk in 1x Phosphate-buffered saline [PBS] with 0.05% Tween-20;
PBST) for two hours at an ambient temperature. The serum was diluted 1:10, 1:100, 1:300,
and 1:1000 in blocking buffer; following blocking, liquid was removed by flicking, and each
serum dilution was added to plates in duplicate and incubated for two hours at an ambient
temperature. Plates were washed 3 x with PBST and then incubated with either horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG (Jackson ImmunoResearch Laboratories,
West Grove, PA, USA) or HRP-conjugated goat anti-mouse IgM (Jackson ImmunoResearch



Viruses 2025, 17, 996

5o0f 27

Laboratories, West Grove, PA, USA) for one hour at an ambient temperature. Plates were
washed 3x with PBST and incubated with ABTS [2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid)] substrate for 15 min at ambient temperatures. Plates were read at 405 nm
(SpectroMax M5; Molecular Devices, San Jose, CA, USA).

2.8. Neutralization Assay

Serum samples were heat inactivated at 56 °C for 30 min. MACV-Chicava and MACV-
Carvallo were incubated with serial 3-fold dilutions of heat-inactivated serum (starting at
a dilution of 1:5) for 1 h at 37 °C. The serum—virus mixture was added to monolayers of
VeroEb6 cells in a 96-well plate at a final multiplicity of infection of 0.6 (MACV-Chicava) or
0.5 (MACV-Carvallo) and incubated for 1 h at 37 °C. The infection medium was removed,
and a fresh cell culture medium without serum was added. Then, 48 h post-infection, the
culture medium was removed, and plates were fixed in 10% neutral buffered formalin
(Valtech, Pottstown, PA, USA) for at least 24 h at 4 °C. The plates were removed from
formalin and permeabilized with 0.2% Triton-X for 10 min at room temperature and treated
with blocking buffer (5% milk). Infected cells were detected by sequential incubation with
anti-mouse MACV-specific GP antibody (Creative Diagnostics, Shirley, NY, USA; CABT-
B8948) and secondary detection antibody goat anti-mouse conjugated to AlexaFluor 488
(1:2000 dilution; Invitrogen, Waltham, MA, USA). Percent infection was determined using
the Cytation5 high-content imaging instrument, and data analysis was performed using
the Gen 5.11 software (BioTek), Winooski, VT, USA.

2.9. Cytokine and Chemokine Analysis

Serum cytokine and chemokine levels were measured using the MILLIPLEX® Pre-
mixed 32 Plex Mouse Cytokine/Chemokine Magnetic Bead Panel (Sigma-Aldrich, St. Louis,
MO, USA) according to the manufacturers protocol. Samples were analyzed on a Lu-
minex MAGPIX® System (ThermoFisher Scientific, Waltham, MA, USA) using xXPONENT
4.2 software.

2.10. PCR

Tissue samples were homogenized and clarified prior to extraction as required. Sam-
ples were inactivated using a 3:1 ratio of TRIzol LS Reagent to sample (ThermoFisher,
Waltham, MA, USA). A total of 400 uL of Trizoled material was purified using the EZ1
Virus Mini Kit v 2.0 (Qiagen, Germantown, MD, USA) using the EZ1 Advanced XL robot
(Qiagen) according to the manufacturer’s recommendations. The total elution volume
was 150 uL. RT-qPCR was performed using TagPath™ RT-qPCR Master Mix, CG (Ther-
moFisher, Waltham, MA, USA) on the QuantStudio DX (ThermoFisher, Waltham, MA,
USA), with primers and probes targeting the L protein gene of the Machupo virus (Forward
5'-AGGAARAGTGCAGGACTCATTG-3/, Reverse 5'-ATTTGTGAYGAAGATGGCRGT-3/,
Probe 6FAM 5-TGGACCCCATTTTCA-3' MGNBQ). Reference material was quantified
using the QIAcuity Digital PCR System and the QIAcuity One-Step Viral RT-PCR Kit
(Qiagen, Germantown, MD, USA) using the same RT-qPCR assay. Samples were run in
technical triplicate, and concentrations were calculated using a standard curve of quantified
reference material included on each run. Sample concentrations were reported in copies of
target per mL and were based on extracted material. Concentrations that fell outside the
linear range of the standard curve were extrapolated. The limit of detection of the assay
based on the standard curve is approximately 10 copies/pL.

2.11. Sequencing

For sequence confirmation and contamination detection, each strain was subject to
next-generation sequencing on the Illumina MiSeq platform (Illumina, Inc., San Diego, CA,
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USA). First, RNA from samples was extracted using the Purelink RNA mini kit (Invitrogen,
Waltham, MA, USA). Isolated RNA was amplified using a sequence-independent, single-
primer amplification (SISPA) protocol [28]. Sequencing libraries were prepared using
the Illumina DNA Prep kit and sequenced on an Illumina MiSeq using a 600-cycle Kkit.
Sequences were trimmed and quality filtered with Trimmomatic (v.0.39) [29], then mapped
to the Machupo virus L (NC_005079.1) and S (NC_005078.1) segments for the Carvallo
strains and the Chicava references L (AY624354) or S (AY924202) for the Chicava strains
using SeqManNGen (v.17.5.1) and in-house scripts. Sequencing data was also assembled
into contigs using ray (v.2.2) and in-house scripts. Each segment for each sample had
a coverage greater than 97% (minimum depth: 20 bp) and an average depth of greater
than 200x. Up to 3% of the segment sequence with depth less than 20 x occurred in the
extreme ends of any segment, including the UTR. There were no gaps in the coverage
observed internally in any segments. Contigs were serially blasted against the nt database
on multiple settings to exclude the presence of contaminating bacteria or viruses from
the strains. Sequences were submitted to Genbank, and reference numbers are displayed
in Table 1.

Table 1. Genbank references.

Genbank Number Virus Segment
PV861671 maMACV-Chicava P1 brain S segment
PV861672 maMACV-Chicava P1 brain L segment
PV861674 maMACV-Chicava P2 spleen L segment
PV861675 maMACV-Chicava P2 spleen S segment
PV861684 maMACV-Carvallo P1 brain L segment
PV861685 maMACV-Carvallo P1 brain S segment
PV861680 maMACV-Carvallo P2 spleen L segment
PV861681 maMACV-Carvallo P2 spleen S segment

2.12. Histopathology

Necropsies were performed on each mouse immediately following euthanasia in the
USAMRIID biosafety level 4 laboratory. Tissues were fixed by immersion in 10% neutral
buffered formalin (Valtech, Pottstown, PA, USA) and held in containment for a minimum
of 21 days. Tissues were trimmed, processed, embedded in paraffin, cut by microtomy,
stained with hematoxylin and eosin, cover slipped, and screened.

2.13. In Situ Hybridization

Tissue sections were placed on positively charged slides and stained by ISH. To detect
MACYV genomic RNA in formalin-fixed embedded tissues, ISH was performed using the
RNAscope 2.5 HD RED kit (Advanced Cell Diagnostics, Newark, CA, USA). Forty ZZ ISH
probes targeting MACV genomic RNA of segment L, 541-2716 (GenBank #AY624354.1),
were designed and synthesized by Advanced Cell Diagnostics (Cat #11824291-C1). Tissue
sections were deparaffinized with xylene, underwent a series of ethanol washes and perox-
idase blocking, and were then heated in kit-provided antigen retrieval buffer and digested
by kit-provided proteinase. Sections were exposed to ISH target probe pairs and incubated
at 40 °C in a hybridization oven for 2 h. After rinsing, the ISH signal was amplified using
kit-provided Pre-amplifier and Amplifier conjugated to alkaline phosphatase and incubated
with a Fast Red substrate solution for 10 min at room temperature. Sections were then
stained with hematoxylin, air-dried, and cover slipped.
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2.14. Statistical Analysis

For correlation analysis, the R-squared value was calculated by Spearman’s correlation
coefficient. Survival outcomes were compared against each group by Mantel-Cox tests and
color coded to display which group was compared. Weight loss and clinical outcomes were
compared against each group by Analysis of Variance (ANOVA) test. Statistical significance
was determined by p < 0.05. All statistical analyses were conducted in GraphPad Prism
Software V9.5.1.

3. Results
3.1. MACV Is Partially Lethal in STAT-1~/~ Mice

Previous reports indicated that MACYV is lethal in STAT-1"/— mice, with mice suc-
cumbing to infection 7-8 days post-challenge when the virus was administered by the
IP route [27]. To confirm these reports, mice were exposed to 100, 1000, or 5000 plaque-
forming units (pfu) of two different isolates of MACYV, Chicava, and Carvallo, by the
IP route. Initially, mice were sourced from Taconic Biosciences (12956 / SvEv-Stat]tmIRds,
model #2045) for consistency with previously published reports that utilized these mice [27].
However, challenge experiments with these mice utilizing both isolates of MACV and at
multiple doses resulted in no lethality and a complete absence of any clinical signs of dis-
ease in multiple repeat experiments. Slight weight loss was observed, but it was minimal
(Supplementary Figure S1).

Subsequent challenge experiments utilized mice from The Jackson Laboratory
(E’>6.129S(Cg)—Sta’r1tmlDlv /]; strain #12606; hereafter referred to as STAT-1-/"). Challenge of
these STAT-1~/~ mice with either MACV-Chicava or MACV-Carvallo at all doses tested
resulted in only partial lethality (defined by either death or euthanasia of moribund mice)
of approximately 40-70% with an overall mean time to death [MTD] of 18.06 £+ 4.12
(Figure 1A). Minimal differences in lethality were observed between challenge isolates
or doses with MTD ranging between 15.6 & 2.07 and 19.67 £ 3.51. We did not observe a
relationship between weight and lethality across the isolates and doses tested (Figure 1B).
For example, challenge with 100 or 1000 pfu of MACV-Carvallo resulted in approximately
50% weight loss day 28 post-challenge, but challenge with 5000 pfu of MACV-Carvallo or
any dose of MACV-Chicava resulted in only 10-20% weight loss by day 28 post challenge
(Figure 1B). Overall, MACV-challenged mice experienced a biphasic course of disease,
characterized by an initial transient period of mild disease followed by a prolonged period
of severe disease and lethality. The first phase of disease occurred approximately 5-8 days
post-challenge and was defined by body weight loss of approximately 10% (Figure 1B)
but minimal-to-no observable clinical symptoms of disease (Figure 1C). By day 10 post
challenge, mouse weights had returned to baseline but were quickly followed by a second
period of substantial weight loss (>10% up to 50%) that persisted through the end of the
study (Figure 1B). Throughout the second phase, mice displayed multiple clinical symp-
toms of disease, including initial symptoms of ruffled fur, hunched posture, and lethargy
that were followed by rapidly worsening clinical symptoms that included neurological
complications such as head tilt, ataxia, circling, and partial or full hind limb paralysis, with
mice succumbing to infection 8 to 28 days post-challenge.
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Figure 1. Wild-type MACYV is partially lethal in STAT-1~/~ mice. STAT-1~/~ mice (1 = 7-15) were
exposed to the indicated pfu of either MACV-Chicava or MACV-Carvallo via the intraperitoneal
route and monitored for (A) survival, (B) weight loss, and (C) clinical score for 28 days post challenge.
Statistical significance is represented as * p < 0.05, ** p < 0.01, **** p < 0.0001. Significance is color
coded relative to the group to which it is compared.

3.2. Analysis of the Progression of MACV Disease in STAT-1~/~ Mice
3.2.1. Infectious Virus Load

Given the differences in the results reported herein and prior reported disease in
STAT-1~/~ mice [27], serial sampling studies were performed to investigate the temporal
progression and pathogenesis of MACYV infection in this model. Due to the availability of
guinea pig and non-human primate models of infection for the Chicava isolate compared
to the Carvallo isolate [25,30] and similar disease presentation observed between the
two isolates in initial experiments (Figure 1), serial sampling studies were completed with
only the Chicava isolate. Mice were challenged with 1000 pfu of MACV-Chicava, and
on days 2, 4, 6, 8,10, 12, 14, 16, 18, 20, 24, 28, 36, 41, 45, and 63 post-challenge, 3-5 mice
were euthanized and the brain, kidney, liver, lung, spleen, and serum were harvested for
viral load analysis by plaque assay and MACV-specific polymerase chain reaction (PCR)
(Figure 2A). As expected, a two-phase disease course was observed, with STAT-1~/~ mice
losing approximately 10-25% of their weight between days 5 and 8 in the first phase,
followed by a recovery period and a subsequent second phase characterized by rapid
weight loss (Supplementary Figure S2A) and severe clinical signs of disease 15 to 46 days
post-challenge (Supplementary Figure S2B). Variability in weight loss and clinical score
was observed between individual animals, which was expected due to the model being
partially lethal.

Infectious viral titers were first detected in the spleen and serum on day 2 post
challenge, followed by detection in the liver on day 4, kidney on day 10, and brain and
lung on day 14 post challenge (Figure 2A). While infectious titers in the kidney, liver, lung,
spleen, and serum either fell or stayed level (~10* pfu/mL) until the end of this study,
infectious titers in the brain rose rapidly at day 14 to 10° pfu/mL and continued to climb,
peaking at 10°~107 pfu/mL on day 36 post challenge. Infectious titers in the brain were the
highest of all the tissues at any time point tested by approximately two logs. Surprisingly,
the infectious virus was detected in the brain of one of three mice on day 63 post challenge
even though this mouse exhibited minimal weight loss and clinical disease throughout the
study (Supplementary Figure S1). Notably, the virus was also detected in the liver, spleen,
lung, serum, and kidney by PCR in this animal, in addition to one other mouse 63 days
post challenge.
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Figure 2. Disease progression of MACV-Chicava in STAT-1~/~ mice. STAT-1"/~ mice were
infected with 1000 pfu of MACV-Chicava via the intraperitoneal route, and tissue samples were
harvested at the indicated time points following MACYV infection. (A) Samples were evaluated for
infectious virus (viral load; black) and MACV-specific genome copies by PCR (pink). (B) IgG (black)
and IgM (pink)-specific antibodies and (C) neutralizing antibodies against MACV-Carvallo (black
and MACV-Chicava (pink) were assessed by ELISA and a microneutralization assay, respectively.

3.2.2. Antibody Titers and Neutralizing Response

An assessment of the IgG- and IgM-specific antibody response was performed by
ELISA on serum samples obtained at the above time points (Figure 2B). IgG- and IgM-
specific antibodies were first detected on day 10 post challenge. IgM-specific antibodies
increased until a peak on day 20 and then fell to almost undetectable levels on day 63 post-
challenge. Conversely, IgG-specific antibodies continued to develop until the end of the
study on day 63 post challenge. The development of neutralizing antibodies was assessed
by microneutralization assays against MACV-Chicava and MACV-Carvallo (Figure 2C).
As expected, neutralization potency against the challenge isolate, MACV-Chicava, was
enhanced over MACV-Carvallo. Surprisingly, low-level neutralizing titers were observed
on day 6 post challenge, prior to the detection of IgM- and IgG-specific antibodies by ELISA
and continued to rise through the end of the study. However, differences in assay sensitivity
likely account for differences in antibody detection by ELISA and by a neutralization
assay [31].
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3.2.3. Correlation of Viral Load with Weight Change and Clinical Score

Our serial sampling study showed that infectious virus titers in the liver, spleen,
kidney, and lung were detected early after infection, while infectious titers in the brain
were detected at later times post challenge, specifically day 14, and persisted through the
end of the study. Detection of infectious virus in the brain aligned closely with initiation
of the second, lethal phase of disease beginning approximately day 15 post challenge and
characterized by significant weight loss (>40%), neurological complications, and subsequent
lethality (Figure 1). We hypothesized that dissemination of the virus to the brain would
trigger the severe morbidity and subsequent mortality observed in STAT-1-/~ mice. To
evaluate this further, we calculated the correlation coefficient (R?) of infectious viral titer per
tissue for each individual mouse plotted against percent weight loss (Table 2) and clinical
score (Table 3) at time of euthanasia. We observed a significant positive correlation between
infectious brain titer and both weight loss (p value < 0.0001; R? = 0.4169; Table 2) and
clinical score (p value < 0.0001; R? = (.3427; Table 3). We also observed significant positive
correlations between lung titer and weight loss and lung and kidney titers to clinical
score; however, the R? values were 1.75-to-3.77-fold less positive than those observed
between clinical score/weight loss and brain titers. Taken together, this data shows that
the appearance of infectious virus in the brain is positively correlated with the onset of
significant disease and morbidity.

Table 2. Correlation of viral load with weight loss following challenge with MACV. Statistical
significance is represented as * p < 0.05, **** p < 0.0001. ns is non-significant.

Tissue R? vs. Weight Loss p-Value vs. Weight Loss
Brain 0.4169 <0.0001 (****)
Liver 0.00239 0.7498 (ns)
Spleen 0.01828 0.3759 (ns)
Lung 0.1105 0.0257 ()
Kidney 0.03836 0.1973 (ns)
Serum 0.002975 0.7219 (ns)

Table 3. Correlation of viral load with clinical score following challenge with MACV. Statistical
significance is represented as * p < 0.05, **, p < 0.01, **** p < 0.0001. ns is non-significant.

Tissue R2 vs. Clinical Score p-Value vs. Clinical Score
Brain 0.3427 <0.0001 (****)
Liver 0.003746 0.6896 (ns)

Spleen 0.06711 0.0857 (ns)
Lung 0.1962 0.0023 (**)

Kidney 0.125 0.0172 (*)

Serum 0.01172 0.4789 (ns)

3.2.4. Anatomic Pathology

Tissues were analyzed for the presence of MACV genomic RNA by in situ hybridiza-
tion (ISH) (Figure 3). MACV-specific RNA was first detected in the lung, liver, spleen, and
kidney on day 10 post challenge (Figure 3A-E) and persisted through day 14 (Figure 3F-I).
At these time points, detection was minimal in the lung, liver, and kidney, with moderate
detection in the red pulp of the spleen. MACV genomic RNA was not detected in the
brain until day 14, where it was primarily detected in the meninges (Figure 3]). Days 36
and 45 post exposure, viral antigen was still highly detected in the brain, primarily in the
inflammatory areas, and was also observed in the spinal cord, but was undetectable in the
liver, lung, and kidney and only minimally detected in the spleen (Figure 3L). Additional
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hematoxylin and eosin (H&E) staining was conducted on brain tissue collected 45 days
post-exposure, which showed necrotizing encephalitis in the brain (Figure 3M). Overall,
pathological findings were in accordance with the patterns of infectious virus observed in
these tissues (Figure 2).

. 3>75% MACV genomic RNA
Brain-
Lung-
2 50-75% MACV genomic RNA
Liver
) 1 <50% MACV genomic RNA
Kidney-
Spinal cord-
0 0% MACV genomic RNA

0 10 14 36 45

A

Figure 3. Pathological changes following MACV challenge in STAT-1~/~ mice. (A) Percentage
of tissue stained with MACV genomic RNA is plotted. X-axis is days post challenge. (B-L) Rep-
resentative photomicrographs of in situ hybridization and (M) H&E stained sections of (B,F) lung,
(C,G) liver, (D,H) kidney, (E,I) spleen, (J,L,M) brain, and (K) spinal cord removed from infected mice
at (B-E) day 10, (F-J) 14, (K,M) 36, and (L) 45 post challenge.

3.3. Adaptation of MACV in STAT-1~/~ Mice

With the goal of generating a fully lethal stock of MACYV, brain or spleen tissue from
STAT-1~/~ mice challenged with either MACV-Chicava or MACV-Carvallo were sequen-
tially passaged. To maximize success, tissues were harvested from mice targeting both
phases of disease utilizing the serial sampling study to guide selection of tissues and time
points for harvest. In each passage, the mice were challenged with 1000 PFU of MACV and
spleen or brain were harvested from 2 to 3 mice per time point either 8 days or 20-37 days
post-challenge, respectively. Brain tissue was harvested from mice experiencing severe
clinical signs of disease (lethargy, hunched posture, weight loss, neurological complica-
tions). Tissue was homogenized, clarified of large debris by centrifugation, and viral titers
were evaluated by a plaque assay. Tissues from 1 to 2 mice with the highest titer were
combined and used to subsequently challenge naive STAT-1~/~ mice for the next passage
round. Spleen and brain homogenates were passaged separately. Serial passaging for each
MACYV isolate was performed four times. To monitor success of the adaptation, STAT-1~/~
mice (n = 5-7 per round) were challenged and monitored for weight loss, clinical score, and
mortality for 40 days.
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In total, four stocks were determined to be more lethal than the unpassaged, parental
isolates in our preliminary lethality experiments: MACV-Carvallo passaged (i) one
time in the brains of STAT-1~/~ mice (P1 brain homogenate) MACV-Carvallo passaged
(ii) two times in the spleens of STAT-1~/~ mice (P2 spleen homogenate); MACV-Chicava
passaged (iii) one time in the brains of STAT-1-/~ mice (P1 brain homogenate) or MACV-
Chicava passaged (iv) two times in the spleens of STAT-1~/~ mice (P2 spleen homogenate).
To generate viral stocks for use in subsequent in vivo experiments, the tissue-derived virus
from the homogenates described above was used to inoculate VeroE6 cells. To confirm
lethality of the cell-culture-derived stocks, lethality experiments were conducted with each
of the tissue-derived, cell-culture-derived, and wild-type, unpassaged stocks (Figure 4
and Supplementary Figure S3). As expected, challenge with wild-type MACV-Chicava or
MACV-Carvallo resulted in partial lethality of 50% and 70%, respectively. Challenge with
either the tissue-derived or cell culture-derived stocks of the MACV-Carvallo or MACV-
Chicava P1 brain homogenate resulted in complete lethality by day 40 post-challenge
(Figure 4A,B), while challenge with the cell culture-derived stock of MACV-Chicava P1
brain homogenate resulted in a faster MTD relative to the tissue-derived and wild-type
isolate (16.5 = 3.62 for cell-culture-derived stock relative to 18.8 & 10.47 for wild-type iso-
late). Challenge with the original MACV-Carvallo P2 spleen homogenate resulted in 100%
lethality, but the cell culture-derived stock was not fully lethal, and challenge with either
the tissue-derived or cell-culture-derived MACV-Chicava P2 spleen homogenate resulted in
partially lethal infection comparable to the wild-type MACV-Chicava isolate (Figure 4B,D),
but these differences were non-significant. Based on these results, cell-culture-derived
stocks of the P1 brain homogenate for both MACV-Carvallo and MACV-Chicava isolates
were selected as mouse-adapted isolates for further study [hereafter termed mouse-adapted
(ma) MACV-Carvallo and MACV-Chicaval].

Machupo virus can be transmitted through inhalation of aerosolized excretions from
infected rodents [32,33]. We hypothesized that exposure of mice to MACV through the IN
may result in greater lethality of our MACV stocks. Although previous reports indicated
that exposure of STAT-1~/~ mice to MACV-Chicava through the IN route was less lethal
than exposure via the IP route [27], the major differences in disease pathogenesis observed
in the model described by Bradfute et al., and the model described here, opens up the
possibility that IN challenge may impact disease severity and lethality. To test the impact
of IN exposure on lethality, STAT-1~/~ mice were challenged with 1000 PFU of either the
wild-type MACV-Chicava isolate or maMACV-Chicava by the IP or IN route and monitored
for morbidity and mortality for 40 days post-challenge. Challenge with either wild-type or
ma MACV-Chicava by the IN route resulted in lower lethality (Supplementary Figure S4A),
less weight loss (Supplementary Figure 54B), and more moderate clinicals signs of disease
(Supplementary Figure S4C) compared to challenge by the IP route.
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Figure 4. MACV passaged in brain or spleens of STAT-1~/~ mice results in a fully lethal infection.
STAT-1~/~ mice (n = 10) were infected with 1000 pfu of either (A) MACV-Carvallo passaged one
time in the brain of STAT-1~/~ mice (P1 brain homogenate), (B) MACV-Carvallo passaged two times
in the spleen of STAT-1-/~ mice (P2 spleen homogenate), (C) MACV-Chicava passaged one time in
the brain of STAT-1~/~ mice (P1 brain homogenate), or (D) MACV-Chicava passaged two times in
the spleen of STAT-1~/~ mice (P2 spleen homogenate) via the intraperitoneal route and monitored
for survival for 40 days post-challenge. Statistical significance is represented as * p < 0.05 relative to
the unpassaged isolate.

3.4. Analysis of the Progression of maMACV Disease in STAT-1~/~ Mice
3.4.1. Infectious Virus Load

Challenge with maMACV-Chicava resulted in greater lethality and a more rapid clini-
cal course of disease compared to challenge with wild-type MACV (Figures 1 and 2). As
such, serial sampling studies were performed to investigate how temporal progression of
disease changed following maMACV-Chicava challenge in STAT-1-/~ mice. Mice were
challenged IP with 1000 pfu of maMACV-Chicava and on days 0, 2, 4, 6, 8, 10, 12, 14, 16, 17,
and 18 post-challenge, 3-5 mice were euthanized and their brain, kidney, liver, lung, spleen,
testis (wWhere available), and serum were harvested for the analysis of infectious viral load
by plaque assay and MACV-specific PCR (Figure 2A). Testes were additionally collected
given evidence that MACV can be propagated in rodents through sexual transmission [34].
Given the increased severity of maMACV-Chicava relative to the wild-type isolate, we
were unable to collect mice after day 18 post challenge. As expected, a biphasic disease
course was observed with mice losing approximately 10-15% of their weight between
days 5 and 8, followed by a period where mice recovered weight to baseline, immedi-
ately proceeded by rapid weight loss (Supplementary Figure S5A) and severe clinical
signs of disease approximately 10-18 days post challenge (Supplementary Figure S5B).
Variability in weight loss and clinical score was observed between individual animals;
however, variability was less significant compared to that observed with the wild-type
isolate (Supplementary Figure S2A). Essentially, all animals had observable clinical signs
of disease and exhibited a similar disease progression, as measured by weight loss and
clinical scores.
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Infectious viral titers were first detected in the spleen and serum on day 2 post
challenge, followed by detection in the liver, kidney, and lung on day 4 post challenge
(Figure 5A). Titers in these tissues rose slightly overtime, peaking at ~10° pfu/mL 12 days
post-challenge, and were detectable throughout the course of the study. The virus was
also observed in the testes from day 4 through day 18 post challenge. The virus in the
brain was detected by PCR and plaque assay, beginning on days 4 and 8 post challenge,
respectively, occurring 6 days prior to the detection of the virus in the brain in animals
challenged with wild-type MACV-Chicava (Figure 2), and infectious brain titers continued
to increase until the end of the study, approaching ~107 pfu/mL. In general, we observed a
similar detection of the virus by PCR in all tissues; however, detection by PCR generally
preceded the detection of infectious virus by plaque assay.
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Figure 5. Disease progression of maMACV-Chicava in STAT-1~/~ mice. STAT-1~/~ mice were
infected with 1000 pfu of maMACV-Chicava via the intraperitoneal route, and tissue samples were
harvested at the indicated time points following MACYV infection. (A) Samples were evaluated for
infectious virus (viral load; black and MACV-specific genome copies by PCR (pink). (B) IgG (black)-
and IgM (pink)-specific antibodies and (C) neutralizing antibodies against MACV-Carvallo (black)
and MACV-Chicava (pink) were assessed by ELISA and a microneutralization assay, respectively.

3.4.2. Antibody Titers and Neutralizing Response

As before, the IgG- and IgM-specific antibody response was assessed by ELISA
(Figure 5B). IgG- and IgM-specific antibodies were initially detected on day 10 post chal-
lenge and continued to increase until the end of the study on day 18 post challenge. The
development of neutralizing antibodies was assessed by microneutralization assays against
MACV-Chicava and MACV-Carvallo (Figure 5C). Significant variability in the develop-
ment of neutralizing antibody responses was observed over time, likely due to the fact that
overall neutralization responses were generally lower than that observed in the wild-type
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serial sacrifice study (Figure 2C). The first neutralization responses were detected against
MACV-Carvallo on day 6 post challenge, but the strongest responses against both isolates
were observed between days 14 and 17 post challenge.

3.4.3. Correlation of Viral Load with Weight Change and Clinical Score

Serial sampling studies revealed that infectious virus in the brain can be detected
earlier following maMACYV challenge compared to challenge with wild-type MACYV that
persists throughout the course of disease (Figures 2 and 5). Similarly, infection with
maMACV-Chicava resulted in mice that lost weight, displayed severe clinical signs of
disease and neurological manifestations, and subsequently succumbed to disease earlier
than mice challenged with wild-type MACV-Chicava. Given the previous observed rela-
tionship between infectious brain titers and measures of morbidity (Tables 2 and 3), we
hypothesized that the faster dissemination of the virus to the brain following maMACV
challenge results in enhanced lethality and accelerated disease pathogenesis compared to
exposure to wild-type MACV-Chicava. As we did for our previous serial sampling study,
correlation coefficients (R?) values were calculated for infectious virus from each tissue and
individual mouse against the percent of weight loss (Table 4) and clinical score (Table 5) at
the time of euthanasia. Like before, significant correlations (R?) between brain titer and
both weight loss (p value 0.0138; R? = 0.1152; Table 4) and clinical score (p value 0.0180;
R? = 0.1069; Table 5) were observed. A significant correlation between spleen titer and
weight loss was also observed; however, this correlation was weaker than the correlation
with brain titers. This data provides further evidence of the positive relationship between
virus in the brain and the establishment of significant disease and mortality.

Table 4. Correlation of viral load with weight loss following challenge with maMACYV. Statistical
significance is represented as * p < 0.05. ns is non-significant.

Tissue R? vs. Weight Loss p-Value vs. Weight Loss

Brain 0.1152 0.0138 (*)

Liver 0.0064 0.5714 (ns)
Spleen 0.0842 0.0370 (*)

Lung 0.0077 0.5374 (ns)
Kidney 0.0076 0.5376 (ns)

Testis 0.0871 0.1432 (ns)
Serum 0.03588 0.1786 (ns)

Table 5. Correlation of viral load with clinical score following challenge with maMACV. Statistical
significance is represented as * p < 0.05. ns is non-significant.

Tissue R2 vs. Clinical Score p-Value vs. Clinical Score
Brain 0.1069 0.0180 (*)
Liver 0.0175 0.3504 (ns)
Spleen 0.0584 0.0843 (ns)
Lung 0.00001 0.9788 (ns)
Kidney 0.0002 0.9188 (ns)
Testis 0.1207 0.0821 (ns)
Serum 0.0371 0.1712 (ns)

3.4.4. Anatomic Pathology

Histological changes were assessed by H&E (Figure 6A) and ISH staining (Figure 6B).
Since the maMACV-Chicava stock was anticipated to be the stock utilized for future ef-
ficacy testing, a more comprehensive analysis of pathological changes was undertaken.
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In general, following challenge with maMACV-Chicava, initial inflammation, histopatho-
logical changes, and genomic RNA detection was observed in the liver, spleen, lung, and
kidney beginning 2—4 days post challenge, trailed by detection in the brain and spinal cord
8-18 days post challenge (Figure 6A,B).
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Figure 6. Pathological changes following maMACYV challenge in STAT-1~/~ mice. Heat maps
summarizing (A) microscopic and (B) ISH findings. For (A), 0 is no lesion detected; 1 is minimal,
with 0-10% of the section affected; 2 is mild, with 11-25% of the section affected; 3 is moderate, with
26-50% of the section affected; and 4 is marked, with >51% of the tissue affected. For (B), 0 is no
signal present; 1 is <25% of the section having a signal; 2 is 26-50% of the section having a signal; 3 is
51-75% of the section having a signal; and 4 is >75% of the section having a signal.

The first significant microscopic findings following challenge was degeneration and
necrosis of individual hepatocytes in the liver on day 2 with minimal severity that persisted
through day 12 (Figure 7D,E). In most cases, it was accompanied by the infiltration of low-
to-moderate numbers of neutrophils and macrophages that expanded around and through
vascular walls and inflammation of the capsule by neutrophils and macrophages. Viral
antigen was detected by ISH in areas of inflammation, capsule, and individual hepatocytes
in the liver on day 8 through 12 and was only evident in a single mouse beyond this period
on day 18 (Figure 7F). In the spleen, large areas of lymphoid follicles in the white pulp
were depleted of lymphocytes, and infiltration by many neutrophils was observed on day 4
through 12 (Figure 7A,B) with multifocal inflammation of the splenic capsule by neutrophils
and macrophages on days 16 to 18. Viral antigen was detected in the spleen by day 4 in
the red and white pulp (Figure 6B) and was additionally visible in the capsule on day 18.
Although no viral antigen was detected in the lungs by ISH at any time point (Figure 6B),
microscopic lesions were observed. The most common microscopic finding in the lung
was expansion of the pulmonary interstitium by either neutrophils or a combination of
neutrophils, macrophages, and lymphocytes first noted on day 4 (Figure 7G,H). Microscopic
lesions in the kidney and testis were minimal. Lesions in the kidney were limited to the
infiltration of low numbers of neutrophils and macrophages into the capsule observed in
only 14% of mice (n = 2) (Figure 71,]). Despite a general lack of inflammation in the kidney,
viral antigen was detected in 36% of mice (36%) beginning on day 8, and was present in the
medullary tubules (Figure 7K). In the testis, mild, multifocal atrophy of some seminiferous
tubules was observed in one mouse on day 8, and one mouse had moderate neutrophilic
and histiocytic inflammation of the tunic covering the testis (Figure 7L,M). On days 12 and
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16, viral antigen was detected in a single mouse in the fibrous connective tissue covering of
the visceral tunic (Figure 7N) and in the visceral and parietal tunics on day 18.

Figure 7. Pathological changes following maMACYV challenge in STAT-1~/~ mice in liver, spleen,
kidney, lung, and testis. (A,B,D,E,G,H-J,L,M) Representative pictographs of microscopic findings
by H&E. (CF,K,N) Representative pictographs of ISH findings. (A—C) Spleen, (D-F) liver, (G H) lung,
(I-K) kidney, (L-N) and testis at (A,D,G,I,L) day 0, (B) day 4, (E,F,J,M) day 8, and (C,HK,N) day 12.
Scale bar is (A,D,G,I,L,E,H,J, M) 50 um or (B,C,F,K,N) 200 pum.
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Comparable to the progression of infectious virus described in Figure 5, pathological
findings in the brain and spinal cord occurred at later timepoints post-challenge. Lesions
were not present in the brain until day 12, which began as multifocal expansion of the
leptomeninges with low numbers of neutrophils and macrophages. By day 16, there was
a greater number of neutrophils, and a single mouse (of two) had inflammatory cells
within the choroid plexus of one of the ventricles (Figure 8A,B). On day 18, inflammatory
cells within the leptomeninges (Figure 8C) were greater, and inflammatory cells began to
expand to the perivascular space and infiltrate the white and gray matter of the neuropil
(Figure 8D). Detection of viral RNA by ISH was noted in the meninges on day 12, which
became more widespread on day 16 and included detection in the choroid plexus—the site
of cerebrospinal fluid secretion (Figure 8E). Widespread viral antigen was present by day
18 and was present in the meninges, choroid plexus, gray and white matter of the neuropil,
and ependymal cells (Figure 8F). Inflammation was observed in the spinal column on
day 16 with a similar pathology to that observed in the brain, with many neutrophils and
scattered macrophages. The inflammation expanded the meninges (Figure 8G,H), covering
the sections of the spinal cord, and extended into the spinal nerve roots (Figure 8I) and
portions of the spinal cord itself, continuing through day 18 (Figure 8]). Beginning on
day 16, there was also noticeable hyperplasia of granulocytic precursor cells within the
bone marrow of the vertebrae in the spinal column sections, reflecting an increased demand
for granulocytic leukocytes. Interestingly, although inflammation was not observed in
any structure of the spinal column until day 16, viral antigen was detected by ISH in the
meninges on day 8 (Figure 6B), and by day 16 a viral signal was visible not only in the
meninges but also in the gray matter (Figure 8K) and spinal nerve roots of the spinal cord
neuropil (Figure 8L), which was widely dispersed by day 18 (Figure 8M).

3.4.5. Cytokine and Chemokine Analysis

Cytokine and chemokine levels in the serum from MACV-infected STAT-1~/~ mice
from both serial sampling studies were analyzed to further discern differences in pathogen-
esis caused by wild-type and maMACYV (Figure 9). The levels of the cytokines/chemokines
granulocyte colony-stimulating factor (G-CSF), interferon gamma (IFNvy), interleukin 5
(IL-5), IL-15, interferon-gamma inducible protein 10 (IP-10, CXCL10), monocyte chemoat-
tractant protein 1 (MCP-1, CCL2), macrophage inflammatory protein 1 alpha (MIP-
1x, CCL3), MIP-13 (CCL4), monokine induced by interferon-gamma (MIG, CXCL9),
macrophage colony-stimulating factor (M-CSF), and keratinocyte chemoattractant (KC,
CXCL1) were all elevated relative to day 0 controls between days 2 and 18 post-challenge
in mice challenged with either wild-type or maMACV-Chicava (Figure 9). Interest-
ingly, several cytokines/chemokines were increasingly elevated in mice challenged with
maMACV-Chicava compared to those challenged with wild-type MACV-Chicava. These cy-
tokines/chemokines included MIG, IFENY, lipopolysaccharide-induced CXC (LIX, CXCL5),
and IL-6 with LIX, IL-6, and IFNYy levels >2 logs higher at various time points in serum from
maMACV-Chicava-challenged mice compared to serum from wild-type MACV-Chicava-
challenged mice.
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Figure 8. Pathological changes following maMACV challenge in STAT-1~/~ mice in brain
and spinal cord. (A-D,G-J) Representative pictographs of microscopic findings by H&E.
(E,F K-M) Representative pictographs of ISH findings. (A-F) Brain and (G-M) spinal cord at
(A,G) day 0, (K,L) day 12, (B,E,H,I) day 16, and (C,D,F,J, M) day 18. Scale bar is (A,C,D,G-L) 50 um,
(B,E,M) 200 pum, or (F) 500 um.
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Figure 9. Cytokine and chemokine analysis. Levels of 13 different cytokines and chemokines in
serum of mice challenged with either wild-type MACV-Chicava (black) or maMACV-Chicava (pink)
was evaluated at various times post-infection (1 = 2-5), and mean fluorescence intensity (MFI) was
plotted. Serum samples were collected from serial sacrifice samples described in Figures 2 and 5.
Statistical significance is represented by * p < 0.05, ** p < 0.01, *** p < 0.001. Significance is color
coded to refer to group and is relative to baseline (day 0).

3.4.6. Sequencing of MACV and maMACV

Stocks of wild-type and maMACV were sequenced and compared to ascertain genetic
differences between the stocks. Surprisingly, no mutations in the large (L) or small (S) seg-
ments were detected in the mouse-adapted variants derived from Spleen P2 homogenates.
However, mutations in the S segment only were discovered for the mouse-adapted variants
derived from the P1 brain homogenates for both isolates. Two non-synonymous mutations
in the nucleocapsid protein were observed in the maMACV-Carvallo P1 brain homogenate
stock. One mutation resulted in a change from Q to K, and a second mutation resulted in a
change from W to a premature stop codon (Table 6). Only one mutation was detected in
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the maMACV-Chicava P1 brain homogenate stock; however, it was in the intergenic region.
All mutations were observed at frequencies between 52.89 and 65.88%.

Table 6. Sequencing data.

Virus Type Base SNP Codon Feature Frequency
. Q (CAA) @247 Nucleocapsid
Carvallo Brain Mutation C A K (AAA) protein 65.88
P1 . W (TGG) @250 Nucleocapsid
Mutation G A Stop (TGA) protein 61.51
Chicava Brain Mutation G A N/A Intergenic 52.89

P1

4. Discussion

In this study, STAT-1 ~/~ mice were infected with MACV-Chicava and MACV-Carvallo,
resulting in a partially lethal small animal model. Subsequent tissue adaptation in the
brains of challenged STAT-1~/~ mice resulted in a fully lethal model for both isolates of
MACYV (Figure 4). Small animal models, including mouse models, are important tools for
medical countermeasure development and efficacy testing and can be utilized for rapid
down-selection prior to movement to higher-order animal models such as guinea pigs
and NHPs. Although a STAT-1~/~ mouse model of MACV disease has been described
previously, this model resulted in lethality by 8 days post challenge with a lack of neuro-
logical disease manifestations. The model described herein differs substantially in that we
observed a two-phase disease course and there was no clear and obvious explanation for
the disparate results between the two models [27]. Sequencing data confirmed that our
stocks of MACV were free of contaminating pathogens and aligned with publicly available
sequences of MACV-Chicava and MACV-Carvallo. Differences in sequence identity and
cell culture passage history over time between the viral stocks used here and by Bradfute
et al. could account for differences in pathogenesis between the two models. Without
access to the original stock utilized to compare to the stocks utilized in this report, we are
unable to address this possibility through comparative sequence analysis. An additional
possibility relates to the source of STAT-1/~ mice. Bradfute et al. utilized STAT-1=/~
mice sourced from Taconic Biosciences. Our preliminary studies utilized STAT-1~/~ mice
from Taconic Biosciences, and, following challenge, we observed a complete absence of
lethality, weight loss, and clinical signs of disease (Supplementary Figure S1). However, dif-
ferences between the STAT-1/~ Taconic strains utilized by Bradfute et al. and in our study
could exist. Subsequent studies in STAT-1~/~ mice from The Jackson Laboratory provided
the lethal model described here. There are slight differences between these two strains.
Specifically, STAT-1~/~ mice from The Jackson Laboratory were generated utilizing a neo
cassette replacing exons 3-5 and part of exon 2 to abolish endogenous gene function and
were established in a C57BL/6] background [35], while STAT-1-/~ mice from Taconic Bio-
sciences were generated using a neo cassette designed to replace the first three untranslated
exons and placed in a 12956 /SvEvTac background [36]. Previous reports have shown that
various strains of STAT1-deficieint mice can exhibit differential interferon responses. STAT-
17/~ mice lacking the N-terminal domain (NTD-deficient) were shown to be significantly
more responsive to IFN compared to mice lacking the DNA-binding domain of STAT-1
(DBD-deficient) [37]. While these lines have been used extensively and interchangeably in
many cases, instances where differential susceptibility of these STAT-1~/~ strains to viral
pathogens have been reported. For example, infection of the NTD-deficient line with herpes
simplex virus type 1 (HSV) resulted in transient infection of the liver and spleen, but mice
succumbed to encephalitis by day 10 post infection while infection of the DBD-deficient
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line was rapidly fatal, with significant involvement of the liver and spleen [38]. Differences
in the pathogenesis and lethality of other arenavirus species in these two mouse species,
including Lassa virus and Lujo virus, have been observed by our group (unpublished),
suggesting that the choice of mouse strain, and even vendor, may have dramatic impacts
on MACV disease outcomes in STAT-1-/~ mice. Regardless, the STAT-1~/~ mouse model
described here recapitulates the biphasic disease observed in other immunocompromised
mouse [26,39], guinea pig [25], and NHP [23,24,30] animal models of MACYV disease and
recapitulates many aspects of MACYV disease observed in humans [5,6,11]. As such, we
find it to be a representative model for MACYV disease.

Late neurological syndrome is a common complication in humans following MACV
infection, which can be lethal or result in temporary or permanent neurological sequelae [5].
We believe that our murine model can become a useful tool to study the neurological
syndrome caused by MACV. Although neurological disease for MACV has been described
in guinea pigs [25], neurological manifestations are less common than those exhibited in our
STAT-1 model. The experimental development of neurological disease for MACV has been
described in NHPs, but these are costly and more difficult to handle in the BSL-4 laboratory.
Additionally, there is an abundance of immunological and imaging tools available for
rodents for further elucidation of neurological disease development that are not available
or more difficult to use for NHPs. Continued optimization of this STAT-1-/~ model is
required to effectively utilize it for antiviral efficacy testing and development.

Interestingly, we observed only two mutations in the nucleoprotein of maMACV-
Carvallo compared to the wild-type isolate (Table 6). The arenavirus nucleoprotein (NP) is
a multifunctional protein that aids in viral replication and transcription, interacts with the
Z protein to recruit ribonucleoprotein complexes into infectious particles, and functions as
a type-I IFN antagonist [40-50]. Mutations in NP could modify the inflammatory response
following MACYV challenge, as well as impact the virus’s replication. While premature
stop codons typically lead to non-functional proteins, the consequences can be challenging
to decipher considering the complex network of viral protein-host protein interactions
that occur during infection and the polyfunctional nature of many viral proteins. More
intriguing was the finding that only one mutation was observed between maMACV-
Chicava and wild-type MACV-Chicava in the intergenic region (Table 6). Intergenic regions
contain regulatory elements like promoters and enhancers that control gene expression
levels; therefore, mutations in these regions can contribute to adaptation by altering the
regulation of nearby genes and altering the ability of the virus to replicate and cause disease.
The adaptation of Marburg virus in rodent species led to a large number of non-coding
and/or intergenic region mutations being observed, and further work has shown that
mutations in the non-coding region of Ebola virus lead to increased virulence [51,52]. These
mutations could also allow the virus to effectively evade the immune system and optimize
its replication cycle. Future mechanistic studies to understand the precise molecular
functions of these mutations for pathogenesis and adaptation are required. While viral
genetic changes play a crucial role in adaptation and pathogenesis, viruses can adapt to
different tissue/host environments without detectable sequence alterations, for example
by manipulating host epigenetic mechanisms [53,54]. Further investigation is required to
understand how serial passaging contributes to greater pathogenesis for these viral isolates.

Infectious virus was detected in the serum, spleen, kidney, and liver at early time
points (day 2) following MACYV challenge. MACV subsequently spread to the brain on
approximately day 12 post challenge, and titers remained high until the time of death
(Figure 2). The detection of infectious virus following maMACYV was similar; however,
the virus was detected more rapidly in the brain, approximately 8 days post challenge.
(Figure 5). Histopathological findings mimicked these viral load findings. The most signifi-
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cant histopathological findings were mild-to-moderate liver degeneration and inflammation
in the spleen and kidney at early time points (days 2-12) post challenge, followed by severe
inflammation and viral genomic RNA detection in the brain and spinal cord at later times
post challenge (day 8 through death) (Figure 6). Pathology in the liver, spleen, kidney,
lung, and testis was transient, with only minimal pathological findings after day 12 post
challenge (Figure 7). However, pathology in the brain and spinal cord increased in severity
throughout the course of disease, and viral genome was widely dispersed at terminal study
time points (Figure 8). When taken together, viral load data (Figures 2 and 5), correlation
analysis (Tables 2-5), and histopathological findings (Figures 3 and 6-8) indicate that the
dissemination of the virus to the brain and spinal cord triggers the severe morbidity and
mortality observed in this STAT-17/~ model. Furthermore, faster dissemination of the
virus to the brain and spinal cord appears to account for the enhanced lethality following
maMACYV challenge (Figure 4).

Almost nothing has been reported on cytokine and chemokine production in response
to MACYV infection. Here, we show a dysregulated cytokine and chemokine response
starting 2 days post challenge and continuing through the course of infection. Increases
in the levels of cytokines/chemokines G-CSF, IFNy, KC, RANTES, MIP-1«, MIP-1§3, IL-5,
and IL-6 were also observed in the previously reported STAT-1-/~ model [27]. The inflam-
matory response following maMACYV challenge was greater than that observed following
wild-type MACV challenge, particularly for RANTES, MIG, IFNY, LIX, and IL-6 (Figure 9).
LIX, MIG, and IL-6 are chemokines/cytokines strongly linked to blood-brain barrier (BBB)
disruption and recruitment of inflammatory cells to the brain [55-58]. Increased levels
of these cytokines/chemokines have been shown to be associated with viral neurological
disease manifestations for dengue and HIV-1 and other neurological conditions such as
multiple sclerosis [55,59—61]. Furthermore, elevated levels of IL-6 and other cytokines such
as IL-8, G-CSF, and TNF« have been observed in the serum of JUNV patients and are
correlated with the severity and outcome of disease [62—-64]. This work provides a reference
for the study of cytokine and chemokine production in other MACV animal models.

In conclusion, we report a novel STAT1™ /=~ model of MACV disease that results in fully
lethal infection and recapitulates many aspects of disease in NHPs and humans. Further
characterization of this model, particularly as it relates to neurological manifestations, is
required to understand how it may be utilized for the development of antiviral therapeutics.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/v17070996/s1, Figure S1: Wild-type MACYV is partially lethal in
STAT-1-/~ mice from Taconic Biosciences, Figure S2: Weight loss and clinical score in STAT-1"/~
mice following MACV-Chicava challenge, Figure S3: Weight loss and clinical score in STAT-1"/~
mice following maMACV-Chicava and maMACV-Carvallo challenge, Figure S4: Lethality of MACV-
Chicava stocks by IP and IN routes, and Figure S5: Weight loss and clinical scores in STAT-1~/~ mice
following maMACV-Chicava challenge.

Author Contributions: Conceptualization, S.R.M. and A.S.H.; methodology, SR.M., AS.H., C.PS,,
JRK., J.LWR, JWK. and X.Z.; validation, SR.M., JLWR., X.Z,, ].B.R., C.PS,, J.RK. and JWK,;
formal analysis, S.R.M., A.S.H.,CPS, JWK,KD.L,SR.C,]J.LWR. and X.Z; investigation, S.R. M.,
AIK,RRB.,SRC,KDL,]J.LWR,]JBR,XZ,ZL., JLW. and JWK; resources, A.S.H., JLWR.,
X.Z.,CPS, JRK. and JWK.; data curation, S.R.M.; writing—original draft preparation, S.R.M,;
writing—review and editing, all authors; visualization, SRM., JLWR,, X.Z., C.PS. and A.S.H;
supervision, A.S.H., C.PS., JWK. and ].L.W.R,; project administration, A.S.H.; funding acquisition,
A.S.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Defense Threat Reduction Agency (DTRA), grant
number CB11311.


https://www.mdpi.com/article/10.3390/v17070996/s1
https://www.mdpi.com/article/10.3390/v17070996/s1

Viruses 2025, 17, 996 24 of 27

Institutional Review Board Statement: The animal study protocol was approved by the Institu-
tional Review Board of the USAMRIID Institutional Animal Care Committee (protocol codes AP-19-
015, AP-22-002, and AP-22-033, date of approvals 12 April 2019, 1 February 2022, and 28 October
2022, respectively).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data related to this paper may be requested from the authors.

Acknowledgments: We thank Kathleen Dempsey, Cecilia O’Brien, and Kandis Cogliano for Lab-
oratory management and administrative support. We thank Mapp Biological for providing the
recombinant MACV GP antigen for ELISA assays.

Conflicts of Interest: The opinions, interpretations, conclusions, and recommendations presented are
those of the authors and are not necessarily endorsed by the U.S. Army or Department of Defense. The
use of either trade or manufacturers’ names in this report does not constitute an official endorsement
of any commercial products. This report may not be cited for purposes of advertisement. This does
not constitute an endorsement by the U.S. Government of this or any other contractor.

References

1. Johnson, K.; Kuns, M.; Mackenzie, R.; Webb, P.; Yunker, C. Isolation of Machupo virus from wild rodent Calomys callosus. Am. ].
Trop. Med. Hyg. 1966, 15, 103-106. [CrossRef] [PubMed]

2. Mackenzie, R.B.; Beye, HK.; Valverde, C.L.; Garrén, H. Epidemic Hemorrhagic Fever in Bolivia. I. A Preliminary Report of the
Epide-miologic and Clinical Findings in a New Epidemic Area in South America. Am. |. Trop. Med. Hyg. 1964, 13, 620-625.
[CrossRef] [PubMed]

3. Fields, B.N. Fields” Virology; Lippincott Williams & Wilkins: Philadelpha, PA, USA, 2007; Volume 1.

4. Aguilar, PV,; Camargo, W.; Vargas, ].; Guevara, C.; Roca, Y.; Felices, V.; Laguna-Torres, V.A.; Tesh, R.; Ksiazek, T.G.; Kochel, T.].
Reemergence of Bolivian hemorrhagic fever, 2007-2008. Emerg. Infect. Dis. 2009, 15, 1526-1528. [CrossRef] [PubMed]

5. Patterson, M.; Grant, A.; Paessler, S. Epidemiology and pathogenesis of Bolivian hemorrhagic fever. Curr. Opin. Virol. 2014, 5,
82-90. [CrossRef] [PubMed]

6.  Silva-Ramos, C.R.; Faccini-Martinez, A.A.; Calixto, O.-].; Hidalgo, M. Bolivian hemorrhagic fever: A narrative review. Travel Med.
Infect. Dis. 2021, 40, 102001. [CrossRef] [PubMed]

7. Johnson, K.M. Epidemiology of Machupo virus infection. III. Significance of virological observations in man and animals. Am. J.
Trop. Med. Hyg. 1965, 14, 816-818. [CrossRef] [PubMed]

8. Johnson, K.M.; Wiebenga, N.H.; Mackenzie, R.B.; Kuns, M.L.; Tauraso, N.M.; Shelokov, A.; Webb, P.A; Justines, G.; Beye, H.K.
Virus Isolations from Human Cases of Hemorrhagic Fever in Bolivia. Proc. Soc. Exp. Biol. Med. 1965, 118, 113-118. [CrossRef]
[PubMed]

9.  Kuns, M.L. Epidemiology of Machupo virus infection. II. Ecological and control studies of hemorrhagic fever. Am. J. Trop. Med.
Hyg. 1965, 14, 813-816. [CrossRef] [PubMed]

10. Douglas, R.G., Jr.; Wiebenga, N.; Couch, R.B. Bolivian Hemorrhagic Fever probably transmitted by Personal Contact. Am. .
Epidemiol. 1965, 82, 85-91. [CrossRef]

11. Stinebaugh, B.]J.; Schloeder, EX.; Johnson, K.M.; Mackenzie, R.B.; Entwisle, G.; De Alba, E. Bolivian hemorrhagic fever: A report
of four cases. Am. J. Med. 1966, 40, 217-230. [CrossRef] [PubMed]

12.  Book, R. Hemorrhagic Fevers Caused by Arenaviruses; Pickering, L.K., Ed.; American Academy of Pediatrics: Elk Grove Village, IL,
USA, 2009; pp. 325-326.

13. Tesh, R.B. Viral hemorrhagic fevers of South America. Biomédica 2002, 22, 287-295. [CrossRef] [PubMed]

14. Cajimat, M.N.; Milazzo, M.L.; Rollin, PE.; Nichol, S.T.; Bowen, M.D.; Ksiazek, T.G.; Fulhorst, C.E. Genetic diversity among
Bolivian arenaviruses. Virus Res. 2009, 140, 24-31. [CrossRef] [PubMed]

15. Charrel, R.N.; de Lamballerie, X. Arenaviruses other than Lassa virus. Antivir. Res. 2003, 57, 89-100. [CrossRef] [PubMed]

16. Stephen, E.; Scott, S.; Eddy, G.; Levy, H. Effect of interferon on togavirus and arenavirus infections of animals. Tex. Rep. Biol. Med.
1977, 35, 449-454. [PubMed]

17.  Golden, ].W.; Kwilas, S.A.; Hooper, ].W. Glycoprotein-Specific Polyclonal Antibodies Targeting Machupo Virus Protect Guinea
Pigs against Lethal Infection. Vaccines 2024, 12, 674. [CrossRef] [PubMed]

18. Kilgore, PE.; Peters, C.J.; Mills, ].N.; Rollin, PE.; Armstrong, L.; Khan, A.S.; Ksiazek, T.G. Prospects for the control of Bolivian

hemorrhagic fever. Emerg. Infect. Dis. 1995, 1, 97. [CrossRef] [PubMed]


https://doi.org/10.4269/ajtmh.1966.15.103
https://www.ncbi.nlm.nih.gov/pubmed/5901620
https://doi.org/10.4269/ajtmh.1964.13.620
https://www.ncbi.nlm.nih.gov/pubmed/14196061
https://doi.org/10.3201/eid1509.090017
https://www.ncbi.nlm.nih.gov/pubmed/19788833
https://doi.org/10.1016/j.coviro.2014.02.007
https://www.ncbi.nlm.nih.gov/pubmed/24636947
https://doi.org/10.1016/j.tmaid.2021.102001
https://www.ncbi.nlm.nih.gov/pubmed/33640478
https://doi.org/10.4269/ajtmh.1965.14.816
https://www.ncbi.nlm.nih.gov/pubmed/5829143
https://doi.org/10.3181/00379727-118-29772
https://www.ncbi.nlm.nih.gov/pubmed/14254520
https://doi.org/10.4269/ajtmh.1965.14.813
https://www.ncbi.nlm.nih.gov/pubmed/5890293
https://doi.org/10.1093/oxfordjournals.aje.a120534
https://doi.org/10.1016/0002-9343(66)90103-3
https://www.ncbi.nlm.nih.gov/pubmed/4159195
https://doi.org/10.7705/biomedica.v22i3.1166
https://www.ncbi.nlm.nih.gov/pubmed/12404929
https://doi.org/10.1016/j.virusres.2008.10.016
https://www.ncbi.nlm.nih.gov/pubmed/19041349
https://doi.org/10.1016/S0166-3542(02)00202-4
https://www.ncbi.nlm.nih.gov/pubmed/12615305
https://www.ncbi.nlm.nih.gov/pubmed/211667
https://doi.org/10.3390/vaccines12060674
https://www.ncbi.nlm.nih.gov/pubmed/38932403
https://doi.org/10.3201/eid0103.950308
https://www.ncbi.nlm.nih.gov/pubmed/8903174

Viruses 2025, 17, 996 25 of 27

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Kilgore, P.E.; Ksiazek, T.G.; Rollin, P.E.; Mills, ].N.; Villagra, M.R.; Montenegro, M.].; Costales, M.A.; Paredes, L.C.; Peters, C.
Treatment of Bolivian hemorrhagic fever with intravenous ribavirin. Clin. Infect. Dis. 1997, 24, 718-722. [CrossRef] [PubMed]
Eddy, G.; Wagner, E; Scott, S.; Mahlandt, B. Protection of monkeys against Machupo virus by the passive administration of
Bolivian haemorrhagic fever immunoglobulin (human origin). Bull. World Health Organ. 1975, 52, 723. [PubMed]

Webb, P.; Justines, G.; Johnson, K. Infection of wild and laboratory animals with Machupo and Latino viruses. Bull. World Health
Organ. 1975, 52, 493. [PubMed]

Terrell, T.G.; Stookey, ].L.; Eddy, G.A.; Kastello, M.D. Pathology of Bolivian hemorrhagic fever in the rhesus monkey. Am. J. Pathol.
1973, 73, 477. [PubMed]

McLeod Jr, C.G.; Stookey, J.L.; White, ].D.; Eddy, G.A.; Fry, G.A. Pathology of Bolivian Hemorrhagic fever in the African green
monkey. Am. J. Trop. Med. Hyg. 1978, 27, 822-826. [CrossRef] [PubMed]

Kastello, M.D.; Eddy, G.A.; Kuehne, R W. A rhesus monkey model for the study of Bolivian hemorrhagic fever. J. Infect. Dis. 1976,
133, 57-62. [CrossRef] [PubMed]

Bell, T.M.; Bunton, T.E.; Shaia, C.I.; Raymond, ].W.; Honnold, S.P.; Donnelly, G.C.; Shamblin, J.D.; Wilkinson, E.R.; Cashman, K.A.
Pathogenesis of Bolivian Hemorrhagic Fever in Guinea Pigs. Vet. Pathol. 2016, 53, 190-199. [CrossRef] [PubMed]

Patterson, M.; Seregin, A.; Huang, C.; Kolokoltsova, O.; Smith, J.; Miller, M.; Smith, J.; Yun, N.; Poussard, A.; Grant, A.; et al.
Rescue of a recombinant Machupo virus from cloned cDNAs and in vivo characterization in interferon (3 /y) receptor double
knockout mice. J. Virol. 2014, 88, 1914-1923. [CrossRef] [PubMed]

Bradfute, S.B.; Stuthman, K.S.; Shurtleff, A.C.; Bavari, S. A STAT-1 knockout mouse model for Machupo virus pathogenesis. Virol.
J. 2011, 8, 300. [CrossRef] [PubMed]

Kugelman, J.R.; Wiley, M.R.; Nagle, E.R; Reyes, D.; Pfeffer, B.P,; Kuhn, J.H.; Sanchez-Lockhart, M.; Palacios, G.E. Error baseline
rates of five sample preparation methods used to characterize RNA virus populations. PLoS ONE 2017, 12, €0171333. [CrossRef]
[PubMed]

Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for [llumina sequence data. Bioinformatics 2014, 30, 2114-2120.
[CrossRef] [PubMed]

Bell, T.M.; Shaia, C.L; Bunton, T.E.; Robinson, C.G.; Wilkinson, E.R.; Hensley, L.E.; Cashman, K.A. Pathology of experimental
Machupo virus infection, Chicava strain, in cynomolgus macaques (Macaca fascicularis) by intramuscular and aerosol exposure.
Vet. Pathol. 2015, 52, 26-37. [CrossRef] [PubMed]

Yaghoobizad, S.; Norouzbabaei, Z.; Shafiei Jandaghi, N.Z.; Rahimi Foroushani, A.; Sadeghi, K.; Izadi, S.; Fatemi-Nasab, G.S.;
Heidari, E.; Salimi, V.; Mokhtari-Azad, T. Evaluation of the focus reduction neutralization and ELISA tests compared to the
plaque reduction neutralization test for the detection of antibodies against measles virus. Biologicals 2024, 88, 101795. [CrossRef]
[PubMed]

Peters, C.J.; Kuehne, R.; Mercado, R.; Le Bow, R.; Spertzel, R.; Webb, P. Hemorrhagic fever in cochabamba, bolivia, 1971. Am. ].
Epidemiol. 1974, 99, 425-433. [CrossRef] [PubMed]

Villagra, M.; Suarez, L.; Arce, R.; Moreira, M. Bolivian hemorrhagic fever-El Beni Department, Bolivia, 1994. Morb. Mortal. Wkly.
Rep. 1994, 43, 943-946.

Banerjee, C.; Allen, L.J.; Salazar-Bravo, J. Models for an arenavirus infection in a rodent population: Consequences of horizontal,
vertical and sexual transmission. Math. Biosci. Eng. 2008, 5, 617-645. [CrossRef]

Durbin, J.E.; Hackenmiller, R.; Simon, M.C.; Levy, D.E. Targeted disruption of the mouse Statl gene results in compromised
innate immunity to viral disease. Cell 1996, 84, 443-450. [CrossRef] [PubMed]

Meraz, M.A.; White, ]. M.; Sheehan, K.C.; Bach, E.A.; Rodig, S.J.; Dighe, A.S.; Kaplan, D.H.; Riley, ].K.; Greenlund, A.C.; Campbell,
D.; et al. Targeted disruption of the Statl gene in mice reveals unexpected physiologic specificity in the JAK-STAT signaling
pathway. Cell 1996, 84, 431-442. [CrossRef] [PubMed]

Katzenell, S.; Chen, Y.; Parker, Z.M.; Leib, D.A. The differential interferon responses of two strains of Stat1-deficient mice do not
alter susceptibility to HSV-1 and VSV in vivo. Virology 2014, 450-451, 350-354. [CrossRef] [PubMed]

Pasieka, T.J.; Collins, L.; O’Connor, M.A.; Chen, Y.; Parker, Z.M.; Berwin, B.L.; Piwnica-Worms, D.R.; Leib, D.A. Bioluminescent
imaging reveals divergent viral pathogenesis in two strains of Statl-deficient mice, and in o3y interferon receptor-deficient mice.
PLoS ONE 2011, 6, €24018. [CrossRef] [PubMed]

Koma, T.; Huang, C.; Aronson, ].F.; Walker, A.G.; Miller, M.; Smith, ].N.; Patterson, M.; Paessler, S. The Ectodomain of Glycoprotein
from the Candid#1 Vaccine Strain of Junin Virus Rendered Machupo Virus Partially Attenuated in Mice Lacking IFN-«f3 /v
Receptor. PLoS Negl. Trop. Dis. 2016, 10, €0004969. [CrossRef]

Martinez-Sobrido, L.; Zuaiiiga, E.L; Rosario, D.; Garcia-Sastre, A.; de la Torre, ].C. Inhibition of the type I interferon response by the
nucleoprotein of the prototypic arenavirus lymphocytic choriomeningitis virus. J. Virol. 2006, 80, 9192-9199. [CrossRef] [PubMed]


https://doi.org/10.1093/clind/24.4.718
https://www.ncbi.nlm.nih.gov/pubmed/9145749
https://www.ncbi.nlm.nih.gov/pubmed/182406
https://www.ncbi.nlm.nih.gov/pubmed/182399
https://www.ncbi.nlm.nih.gov/pubmed/4202335
https://doi.org/10.4269/ajtmh.1978.27.822
https://www.ncbi.nlm.nih.gov/pubmed/99059
https://doi.org/10.1093/infdis/133.1.57
https://www.ncbi.nlm.nih.gov/pubmed/173762
https://doi.org/10.1177/0300985815588609
https://www.ncbi.nlm.nih.gov/pubmed/26139838
https://doi.org/10.1128/JVI.02925-13
https://www.ncbi.nlm.nih.gov/pubmed/24284323
https://doi.org/10.1186/1743-422X-8-300
https://www.ncbi.nlm.nih.gov/pubmed/21672221
https://doi.org/10.1371/journal.pone.0171333
https://www.ncbi.nlm.nih.gov/pubmed/28182717
https://doi.org/10.1093/bioinformatics/btu170
https://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1177/0300985814540544
https://www.ncbi.nlm.nih.gov/pubmed/24990481
https://doi.org/10.1016/j.biologicals.2024.101795
https://www.ncbi.nlm.nih.gov/pubmed/39369472
https://doi.org/10.1093/oxfordjournals.aje.a121631
https://www.ncbi.nlm.nih.gov/pubmed/4601699
https://doi.org/10.3934/mbe.2008.5.617
https://doi.org/10.1016/S0092-8674(00)81289-1
https://www.ncbi.nlm.nih.gov/pubmed/8608598
https://doi.org/10.1016/S0092-8674(00)81288-X
https://www.ncbi.nlm.nih.gov/pubmed/8608597
https://doi.org/10.1016/j.virol.2013.12.015
https://www.ncbi.nlm.nih.gov/pubmed/24503098
https://doi.org/10.1371/journal.pone.0024018
https://www.ncbi.nlm.nih.gov/pubmed/21915277
https://doi.org/10.1371/journal.pntd.0004969
https://doi.org/10.1128/JVI.00555-06
https://www.ncbi.nlm.nih.gov/pubmed/16940530

Viruses 2025, 17, 996 26 of 27

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Martinez-Sobrido, L.; Giannakas, P.; Cubitt, B.; Garcia-Sastre, A.; de la Torre, ].C. Differential inhibition of type I interferon
induction by arenavirus nucleoproteins. J. Virol. 2007, 81, 12696-12703. [CrossRef] [PubMed]

Papageorgiou, N.; Spiliopoulou, M.; Nguyen, T.-H.V.; Vaitsopoulou, A.; Laban, E.Y.; Alvarez, K.; Margiolaki, I.; Canard, B.; Ferron,
F. Brothers in arms: Structure, assembly and function of Arenaviridae nucleoprotein. Viruses 2020, 12, 772. [CrossRef] [PubMed]
Lee, K.J.; Novella, L.S.; Teng, M.N.; Oldstone, M.B.; de la Torre, ].C. NP and L proteins of lymphocytic choriomeningitis virus
(LCMV) are sufficient for efficient transcription and replication of LCMV genomic RNA analogs. J. Virol. 2000, 74, 3470-3477.
[CrossRef] [PubMed]

Loépez, N.; Jacamo, R.; Franze-Ferndndez, M.T. Transcription and RNA replication of tacaribe virus genome and antigenome
analogs require N and L proteins: Z protein is an inhibitor of these processes. J. Virol. 2001, 75, 12241-12251. [CrossRef] [PubMed]
Casabona, J.C.; Levingston Macleod, ].M.; Loureiro, M.E.; Gomez, G.A.; Lopez, N. The RING domain and the L79 residue
of Z protein are involved in both the rescue of nucleocapsids and the incorporation of glycoproteins into infectious chimeric
arenavirus-like particles. J. Virol. 2009, 83, 7029-7039. [CrossRef] [PubMed]

Eichler, R.; Strecker, T.; Kolesnikova, L.; ter Meulen, ]J.; Weissenhorn, W.; Becker, S.; Klenk, H.D.; Garten, W.; Lenz, O. Characteriza-
tion of the Lassa virus matrix protein Z: Electron microscopic study of virus-like particles and interaction with the nucleoprotein
(NP). Virus Res. 2004, 100, 249-255. [CrossRef] [PubMed]

Shtanko, O.; Imai, M.; Goto, H.; Lukashevich, L.S.; Neumann, G.; Watanabe, T.; Kawaoka, Y. A role for the C terminus of Mopeia
virus nucleoprotein in its incorporation into Z protein-induced virus-like particles. J. Virol. 2010, 84, 5415-5422. [CrossRef]
[PubMed]

Pythoud, C.; Rodrigo, W.S.I.; Pasqual, G.; Rothenberger, S.; Martinez-Sobrido, L.; de la Torre, J.C.; Kunz, S. Arenavirus
nucleoprotein targets interferon regulatory factor-activating kinase IKKe. J. Virol. 2012, 86, 7728-7738. [CrossRef] [PubMed]
Rodrigo, W.S.I; Ortiz-Riafio, E.; Pythoud, C.; Kunz, S.; de la Torre, ].C.; Martinez-Sobrido, L. Arenavirus nucleoproteins prevent
activation of nuclear factor kappa B. J. Virol. 2012, 86, 8185-8197. [CrossRef] [PubMed]

Shao, J.; Huang, Q.; Liu, X.; Di, D.; Liang, Y.; Ly, H. Arenaviral nucleoproteins suppress PACT-induced augmentation of RIG-I
function to inhibit type I interferon production. J. Virol. 2018, 92, 10-1108. [CrossRef] [PubMed]

Wei, H.; Audet, J.; Wong, G.; He, S.; Huang, X.; Cutts, T.; Theriault, S.; Xu, B.; Kobinger, G.; Qiu, X. Deep-sequencing of Marburg
virus genome during sequential mouse passaging and cell-culture adaptation reveals extensive changes over time. Sci. Rep. 2017,
7,3390. [CrossRef] [PubMed]

Ni, M,; Chen, C; Qian, J.; Xiao, H.-X; Shi, W.-E; Luo, Y.; Wang, H.-Y.; Li, Z.; Wu, ].; Xu, P--S. Intra-host dynamics of Ebola virus
during 2014. Nat. Microbiol. 2016, 1, 16151. [CrossRef] [PubMed]

Fischer, N. Infection-induced epigenetic changes and their impact on the pathogenesis of diseases. Semin. Immunopathol. 2020, 42,
127-130. [CrossRef] [PubMed]

Rehman, U.U.; Ghafoor, D.; Ullah, A.; Ahmad, R.; Hanif, S. Epigenetics regulation during virus-host interaction and their effects
on the virus and host cell. Microb. Pathog. 2023, 182, 106271. [CrossRef] [PubMed]

Puthenparampil, M.; Marin, A.; Zanotelli, G.; Mauceri, V.A.; De Napoli, F; Gaggiola, M.; Miscioscia, A.; Ponzano, M.; Bovis,
F.; Perini, P; et al. Blood-brain barrier damage associates with glia-related cytokines in the cerebrospinal fluid of patients with
Multiple Sclerosis. Mult. Scler. Relat. Disord. 2024, 82, 105403. [CrossRef] [PubMed]

Wang, L.-Y; Tu, Y.-F; Lin, Y.-C.; Huang, C.-C. CXCL5 signaling is a shared pathway of neuroinflammation and blood-brain
barrier injury contributing to white matter injury in the immature brain. J. Neuroinflamm. 2016, 13, 6. [CrossRef] [PubMed]
Ramesh, G.; MacLean, A.G.; Philipp, M.T. Cytokines and chemokines at the crossroads of neuroinflammation, neurodegeneration,
and neuropathic pain. Mediat. Inflamm. 2013, 2013, 480739. [CrossRef] [PubMed]

Erta, M.; Quintana, A.; Hidalgo, J. Interleukin-6, a major cytokine in the central nervous system. Int. J. Biol. Sci. 2012, §, 1254-1266.
[CrossRef] [PubMed]

Masood, K.I; Jamil, B.; Rahim, M.; Islam, M.; Farhan, M.; Hasan, Z. Role of TNF «, IL-6 and CXCL10 in Dengue disease severity.
Iran. ]. Microbiol. 2018, 10, 202-207. [PubMed]

Mehta, VK,; Verma, R.; Garg, R.K.; Malhotra, H.S.; Sharma, PK_; Jain, A. Study of interleukin-6 and interleukin-8 levels in patients
with neurological manifestations of dengue. J. Postgrad. Med. 2017, 63, 11-15. [CrossRef] [PubMed]

Guha, D.; Klamar, C.R.; Reinhart, T.; Ayyavoo, V. Transcriptional Regulation of CXCL5 in HIV-1-Infected Macrophages and Its
Functional Consequences on CNS Pathology. |. Interferon Cytokine Res. 2015, 35, 373-384. [CrossRef] [PubMed]

Levis, S.; Saavedra, M.; Ceccoli, C.; Falcoff, E.; Feuillade, M.; Enria, D.; Maiztegui, J.; Falcoff, R. Endogenous interferon in
Argentine hemorrhagic fever. |. Infect. Dis. 1984, 149, 428-433. [CrossRef] [PubMed]


https://doi.org/10.1128/JVI.00882-07
https://www.ncbi.nlm.nih.gov/pubmed/17804508
https://doi.org/10.3390/v12070772
https://www.ncbi.nlm.nih.gov/pubmed/32708976
https://doi.org/10.1128/JVI.74.8.3470-3477.2000
https://www.ncbi.nlm.nih.gov/pubmed/10729120
https://doi.org/10.1128/JVI.75.24.12241-12251.2001
https://www.ncbi.nlm.nih.gov/pubmed/11711615
https://doi.org/10.1128/JVI.00329-09
https://www.ncbi.nlm.nih.gov/pubmed/19420075
https://doi.org/10.1016/j.virusres.2003.11.017
https://www.ncbi.nlm.nih.gov/pubmed/15019244
https://doi.org/10.1128/JVI.02417-09
https://www.ncbi.nlm.nih.gov/pubmed/20200234
https://doi.org/10.1128/JVI.00187-12
https://www.ncbi.nlm.nih.gov/pubmed/22532683
https://doi.org/10.1128/JVI.07240-11
https://www.ncbi.nlm.nih.gov/pubmed/22623788
https://doi.org/10.1128/JVI.00482-18
https://www.ncbi.nlm.nih.gov/pubmed/29669840
https://doi.org/10.1038/s41598-017-03318-3
https://www.ncbi.nlm.nih.gov/pubmed/28611428
https://doi.org/10.1038/nmicrobiol.2016.151
https://www.ncbi.nlm.nih.gov/pubmed/27595345
https://doi.org/10.1007/s00281-020-00793-1
https://www.ncbi.nlm.nih.gov/pubmed/32318841
https://doi.org/10.1016/j.micpath.2023.106271
https://www.ncbi.nlm.nih.gov/pubmed/37517745
https://doi.org/10.1016/j.msard.2023.105403
https://www.ncbi.nlm.nih.gov/pubmed/38184910
https://doi.org/10.1186/s12974-015-0474-6
https://www.ncbi.nlm.nih.gov/pubmed/26738635
https://doi.org/10.1155/2013/480739
https://www.ncbi.nlm.nih.gov/pubmed/23997430
https://doi.org/10.7150/ijbs.4679
https://www.ncbi.nlm.nih.gov/pubmed/23136554
https://www.ncbi.nlm.nih.gov/pubmed/30112159
https://doi.org/10.4103/0022-3859.188545
https://www.ncbi.nlm.nih.gov/pubmed/28079042
https://doi.org/10.1089/jir.2014.0135
https://www.ncbi.nlm.nih.gov/pubmed/25536401
https://doi.org/10.1093/infdis/149.3.428
https://www.ncbi.nlm.nih.gov/pubmed/6232326

Viruses 2025, 17, 996 27 of 27

63. Levis, S.C.; Saavedra, M.C.; Ceccoli, C.; Feuillade, M.R.; Enria, D.A.; Maiztegui, ].I.; Falcoff, R. Correlation between endogenous
interferon and the clinical evolution of patients with Argentine hemorrhagic fever. J. Interferon Res. 1985, 5, 383-389. [CrossRef]
[PubMed]

64. Pozner, R.G.; Ure, A.E,; Jaquenod de Giusti, C.; D’Atri, L.P; Italiano, J.E.; Torres, O.; Romanowski, V.; Schattner, M.; Gémez,
R.M. Junin virus infection of human hematopoietic progenitors impairs in vitro proplatelet formation and platelet release via a
bystander effect involving type I IFN signaling. PLoS Pathog. 2010, 6, e1000847. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1089/jir.1985.5.383
https://www.ncbi.nlm.nih.gov/pubmed/4056485
https://doi.org/10.1371/journal.ppat.1000847
https://www.ncbi.nlm.nih.gov/pubmed/20419155

	Introduction 
	Materials and Methods 
	Cell Lines 
	Animal Models 
	In Vivo Challenges 
	Serial Sampling Studies 
	Generation of Mouse-Adapted MACV 
	Plaque Assay 
	ELISA 
	Neutralization Assay 
	Cytokine and Chemokine Analysis 
	PCR 
	Sequencing 
	Histopathology 
	In Situ Hybridization 
	Statistical Analysis 

	Results 
	MACV Is Partially Lethal in STAT-1-/- Mice 
	Analysis of the Progression of MACV Disease in STAT-1-/- Mice 
	Infectious Virus Load 
	Antibody Titers and Neutralizing Response 
	Correlation of Viral Load with Weight Change and Clinical Score 
	Anatomic Pathology 

	Adaptation of MACV in STAT-1-/- Mice 
	Analysis of the Progression of maMACV Disease in STAT-1-/- Mice 
	Infectious Virus Load 
	Antibody Titers and Neutralizing Response 
	Correlation of Viral Load with Weight Change and Clinical Score 
	Anatomic Pathology 
	Cytokine and Chemokine Analysis 
	Sequencing of MACV and maMACV 


	Discussion 
	References

