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Juruaça virus taxonomy, tolerance and
resistance to infection, and inflammatory
response modulation in murine model

Check for updates

Tatyane da Silva Cabral1,7, Natalie Chaves Cayuela1,7, Karina Glazianne Barbosa Carvalho1,
Tamirys Simão Pimenta1, Ana Paula Drummond Rodrigues1, Daniel Guerreiro Diniz1,2,3,
JuarezAntônioSimõesQuaresma4,5,DanieleBarbosadeAlmeidaMedeiros6, IvyTsuyaEssashikaPrazeres6,7,
Sandro Patroca da Silva6, Taís Pinheiro Araújo6,7, Pedro Fernando da Costa Vasconcelos4,6,
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Juruaça virus (JUAV), previously unclassified, was isolated from bats and administered to neonatal and
adult BALB/c mice to investigate acute and chronic disease progression. In this study, we conducted
genomic sequencing to achieve taxonomic classification and utilized these models to explore the
inflammatory responseandsicknessbehavior in bothneonatal andadultmice.Neonates receiveda single
intranasal instillation of infected brain homogenate (20 µL), whereas 31-day-oldmicewere given the same
volume intranasally for three consecutive days. Control groups were administered equal volumes of
uninfected brain homogenate. Our findings reveal that intranasal JUAV infection-induced acute
meningoencephalitis and death in neonates, while adult mice exhibited chronic infection with variable
clinical signs, inflammatory mediator production, histopathological changes, and neuropathological
features. Interestingly,onlysomeadultmiceshowedsicknessbehaviorpost-infection, andamongthese,a
subsetcontinued todeclineanddie.Thedifferential tissuedamageobserved inmicewithandwithoutovert
disease symptoms suggestsmechanisms of resistance or tolerance,where exceeding tolerance capacity
resulted in pathological outcomes, including chronic dysfunction or death. This study provides the first
evidence of JUAV’s capability to infect mammals, demonstrating its distinct impact on bats and variable
effects in neonatal and adult mice. We provisionally classified JUAV as closely related to the clade
containing tombus-like virus 6 found in mute swan feces. Our research highlights the importance of
understandingviral–host interactionsandthe inflammatory responses thatcontribute todiseasevariability,
offering insights into tolerance and resistancemechanisms based on inflammatory responsemodulation.

Viruses can trigger various host defense mechanisms such as avoidance,
resistance, and tolerance to maintain homeostasis1–3. Avoidance involves
detecting and steering clear of pathogens, often through social behaviors4,5.
Resistance relies on the immune system to recognize and eliminate
pathogens3. In contrast, tolerance involves controlling thedamage causedby

pathogens without necessarily eliminating them6. Recent reviews associate
these concepts with the modulation of the inflammatory response (e.g.
ref. 7).

The immune system’s response to viral infections involves early
detection and activation of antiviral mechanisms, such as the production of
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type I interferons (IFNs) and the activation of various immune cells,
including natural killer (NK) cells, B cells, and T cells8–10. Neonates are
particularly vulnerable to infections due to their developing immune sys-
tems, which favor anti-inflammatory responses and allow the establishment
ofmicrobiotawithout disease11,12. In contrast, adults exhibit diverse immune
responses and sickness behaviors due to the complex mechanisms viruses
use to infect host cells13.

Juruaça virus (JUAV) is a newly discovered virus, and this study
represents the first investigation into its pathogenicity in mammals. We
previously found that intracerebral inoculation of JUAV in neonatal mice
caused acute fatal infections, while adult mice developed chronic infections
with varying clinical signs, including ruffled fur, a hunched posture, body
weight loss, hindlimb clasping, and paralysis. This study aims to tax-
onomically classify JUAV, explore immune responses in neonatal and adult
BALB/cmice, and determine the correlation between sickness behavior and
inflammatory responses. We hypothesize that modulation of the inflam-
matory response is linked to tolerance, resistance, and sickness behavior,
influencing the infection outcome.

Methods
All procedures were conducted in strict adherence to international
biosafety guidelines and the established protocols for the care and uti-
lization of laboratory animals, as outlined by the Ethics Committee for
the Use of Animals in Research (CEUA) of the Instituto Evandro Cha-
gas. The experimental protocols were granted prior approval (Protocol
No. 0022/2012/CEUA/IEC/CENP/SVS/MS for neonate experiment and
Protocol No. 27/2017 CEUA/IEC/CENP/SVS/MS for adult experi-
ment), and biosafety level 3 standards were meticulously followed
throughout. The unclassified JUAV strain BE AN 401933 was obtained
from bats at the Igarapé do Batata, situated 15 km fromPorto Trombetas
in the Oriximiná municipality, located in the middle Amazon region of
Brazil.

This strain was specifically selected to induce prototypical acute and
chronic viral disease progression in neonatal and adult BALB/c mice,
respectively. BALB/c mice are widely recognized for their well-
characterized immune system, making them a standard model for
immunological studies (e.g. refs. 14–16). They exhibit a Th2-biased
immune response, which is crucial for understanding themechanisms of
viral tolerance and resistance17,18. This predisposition allows for the
detailed examination of cytokine profiles and immune cell activation
relevant to Juruaça virus (JUAV) infections. Furthermore, BALB/c mice
are known for their susceptibility to various viral infections with con-
trasting immune responses in the neonate and adult mousemodels, (e.g.
refs. 19,20), making them an ideal model for studying viral pathogenesis
and host immune responses. This susceptibility facilitates the clear
observation of disease progression, immune responses, and potential
mechanisms of tolerance and resistance.

Furthermore, female BALB/c mice were deliberately selected to miti-
gate the deleterious effects of home-cage aggression, thereby safeguarding
both animal well-being and the integrity of scientific findings derived from
group-housed specimens21. These mice were accommodated within a
meticulously regulated animal facility, where environmental parameters
such as a 12-h light–dark cycle and ad libitum access to food andwater were
rigorously upheld.

Viral stock production and titration
The process of viral stock production and titration adhered to a stringent
protocol. Brain homogenates obtained from infected mice euthanized at 8
dpi underwent centrifugation at 10,000 rpm for 15min at 4 °C to isolate
viral suspensions. These suspensions, diluted at a ratio of 1:10 in 0.8%
phosphate-buffered saline (PBS) supplemented with 0.75% bovine serum
albumin, streptomycin (100 μg/mL), and penicillin (100 U/mL) (pH 7.2),
were subsequently intracerebrally inoculated into two-day-old neonatal
mice. The infected neonates were meticulously monitored until 7–8 dpi,
upon which the onset of severe clinical signs prompted euthanasia, and the

specimens were preserved at −80 °C to generate a viral stock. Control
uninfected mice underwent identical euthanasia and storage conditions for
comparative purposes.

The determination of viral titer utilized the median lethal dose
(LD50), representing the concentration of virus causing mortality in 50%
of genetically identical hosts under uniform environmental conditions2.
Serial dilutions of the viral suspensions (ranging from 10−2 to 10−10) were
prepared and administered to separate groups of neonatal mice (six mice
per group). The LD50/0.02mL, indicating the lethal dose for 50% of
infected mice, was computed following the method outlined by Reed and
Muench (1938)3.

Subsequently, equivalent volumes (0.02mL)of brain suspensions from
infectedor uninfectedmicewere intranasally delivered to 2-day-oldBALB/c
mice allocated into experimental and control groups. Daily observations
were conducted to monitor sickness behavior in each cohort.

In a distinct experiment involving adult mice infected with the same
JUAV strain, chronic disease progression was instigated by administering
three consecutive intranasal instillations of 0.02mL (once daily for three
consecutive days) of the infectious suspension (5.6 LD50/0.02mL).

This experimental design in adult mice was informed by pre-
liminary findings suggesting the absence of apparent sickness behavior
following the administration of lower doses. In both neonatal and adult
mouse experiments, subsequent sickness behavior was meticulously
recorded and correlated with cellular and humoral innate immune
responses22.

Genomic sequencing
Genomic sequencing commenced with the homogenization of 5mg of
brain tissue from neonatal mice infected with JUAV, employing a Tissue-
Lyser II system (QIAGEN, Hilden, Germany) operated at 25Hz for 2min,
using 600 µL of 1-thioglycerol/homogenization solution and one 5mm
tungsten bead. RNA extraction was then carried out using theMaxwell® 16
LEV simply RNA Tissue Kit (Promega, Madison, WI, USA) in the Max-
well® 16 System (Promega) following the manufacturer’s protocol. Subse-
quently, sequencing was conducted utilizing the Ion Torrent platform (Life
Technologies, Applied Biosystems).

Construction of genomic libraries from the obtained cDNA was
automated, facilitated by theABLibraryBuilder™ Systemand the IonXpress
Plus Fragment Library Kit (Thermo Fisher Scientific), adhering to the
manufacturer’s recommendations. During library construction, cDNA
molecules were cleaved into selectable size fragments of 200 base pairs by an
included enzyme. Adapters and barcode sequences were then automatically
ligated to the 200-base pair cDNA fragments. Following this, library size
selection and purification were performed using 2% agarose gel electro-
phoresis (E-Gel® SizeSelect™).

Real-time polymerase chain reaction (PCR) was conducted using
an Ion Library TaqManQuantitation Kit (Thermo Fisher Scientific) on a
LightCycler 480 instrument (Roche) to assess the concentration of each
library for subsequent pooling, ensuring an equal quantity of molecules
per sample. Samples with low concentrations were subjected to con-
ventional PCR amplification using Platinum PCR Supermix High
Fidelity and Ion Plus Fragment Library Adapters (Thermo Fisher
Scientific).

In the emulsion step, both aqueous and organic phases were pre-
pared, with each microreactor producing identical copies of a single
fragment attached to a microsphere. After ligation of the P1 and A
adapters, monoclonal microspheres underwent evaluation using the Ion
Sphere™Quality Control Assay.Microsphere release was facilitated in the
enrichment step, retaining only those microspheres with library frag-
ments attached. Primers and sequencing polymerase were subsequently
added to suspensions of microspheres loaded with the samples, followed
by deposition onto a sequencing chip. Sequencing was conducted on the
Ion Torrent PGM platform using the Ion PGM Hi-Q Sequencing Kit
(Thermo Fisher Scientific) with the Ion 318™ Chip Kit v2 BC as per the
manufacturer’s guidelines.
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Assembly and phylogenetic analysis
The reads obtained from the sequencing step were assembled utilizing
MIRA3 software (https://www.chevreux.org/projects_mira.html) with
default parameters. Subsequently, the contigs were compared to the non-
redundant (NR) database using the BlastX program, and contigs containing
virus sequences were selected for phylogenetic analysis.

Phylogenetic inference utilized amino acid sequences from various
virus strains sourced from the National Center for Biotechnology Infor-
mation (NCBI) database (http://www.ncbi.nlm.nih.gov). Specifically, the
functional domains of the viral RNA-dependent RNA polymerase (RdRp;
PF00998) frommultiple genera within the Tombusviridae family, as well as
unclassified species related to this family, were included in the analysis.

The dataset derived from the study samples underwent multiple
sequence alignment (MSA) employing the MAFFT v.7 program23. Align-
ment data underwent manual inspection for necessary adjustments using
the Geneious v.9.1.8 program (https://www.geneious.com/).

Initially, the aligned dataset underwent analysis to determine the
optimal nucleotide substitution method. Subsequently, phylogenetic trees
were constructed utilizing the maximum likelihood (ML) method24. Both
methodologies were implemented using the IQ-TREE v.1.6.12 program25.
Additionally, bootstrapping with 1000 replicates was conducted to enhance
the reliability of the cluster values26.

The viruses utilized for ML phylogenetic analysis are detailed in Table
S1. Phylogenetic tree visualization was executed using the FigTree v.1.4.4
program (https://github.com/rambaut/figtree/releases/tag/v1.4.4). The
midpoint rooting method, available in the phylogenetic visualization soft-
ware, was applied to the dataset. Following phylogenetic evaluation and
refinement, a Scalable Vector Graphics (.svg) format file was generated for
image editing and manipulation using the Inkscape v.1.1 program (https://
inkscape.org/release/inkscape-1.1/).

Experimental timeline for neonates and adults
Two-day-oldmicewere intranasally instilledwith 0.02mLof a 1:10 dilution
of virus-infected brain homogenate. Control mice received an equivalent
volume of uninfected brain homogenate. The neonatal mice were weighed
daily until 12 days post-infection (dpi). At 4, 8, and 12 dpi, both infected and
controlmicewere euthanized toevaluate the acute innate immune response.

Subsequently, 31-day-old mice were intranasally instilled with equal
volumes and titers of brain homogenates from either JUAV-infected or
uninfected mice. This procedure was carried out once daily for three con-
secutive days. Following instillations, all mice were observed twice a day
throughout the experiment.

Detection of JUAV viral antigens and microglial immunolabeling
in neonatal mice
In neonatal mice, the presence of JUAV antigens was identified using a
commercial immunoperoxidase kit (mouse-on-mouse, MOM; Vector
Laboratories) in following the manufacturer’s instructions, with slight
modifications. Initially, tissue sections were washed in 0.1M phosphate-
buffered saline (PBS; pH 7.2) and subjected to antigen retrieval in 0.2M
boric acid (pH 9.0) for 60min at 70 °C. Subsequently, the sections were
permeabilized in PBS containing TritonX-100 (0.5%), followed by blocking
of nonspecific binding siteswithmouse IgGblocking reagent in conjunction
with a concentrated protein solution from the MOM kit for 24 h.

The sections were then incubated in a solution containing the anti-
Juruaça polyclonal primary antibody (diluted 1:100), provided by the
Arbovirology and Hemorrhagic Fevers Section of the Evandro Chagas
Institute. The specificity of this primary antibody was validated using
hemagglutination inhibition and complement fixation assays. To ensure
accurate immunostaining targeting both microglia and macrophages, sec-
tions were subjected to treatment with a solution containing an anti-Iba1
antibody (Wako©, #019-19741) diluted 1:500 in PBS (pH 7.2) for 24 h.
Following PBS washes, secondary antibodies (MOM biotinylated anti-
mouse IgG and biotinylated goat anti-rabbit IgG) were applied to detect
viral and microglial antigens, respectively.

To inhibit endogenous peroxidase activity, the sectionswere immersed
in a 0.3% hydrogen peroxide solution for 15min. Subsequently, incubation
with avidin-biotin complex (ABC) solution (Vector Laboratories) for 3 h
was performed. The diaminobenzidine (DAB)/nickel/glucose oxidase
method was utilized to reveal positively labeled sites, employing a specific
protocol aimed at reducing the signal-to-noise ratio and enhancing
contrast27. Finally, the sections were mounted on slides, coverslipped with
Entellan, and examined using an Axiophot microscope (Carl Zeiss, Ger-
many). Images were captured using an AxioCamHRC digital color camera
(Carl Zeiss, Germany).

Viral antigen immunolabeling in adult mice
Antigen retrieval was performed using bacterial Type VIII proteinase
(Sigma-Aldrich, USA) in sodium phosphate buffer (PB) (pH 7.8) in a water
bath at 37 °C for 3min. Nonspecific sites were blocked with skim milk
(Nestlé®/Switzerland) and horse serum from theVectastain®ABCHRPKit
(Peroxidase,Mouse IgG,VectorLaboratories,USA) inPBS for 20min in the
dark at room temperature. The samples were then incubated with the pri-
mary anti-JUAV antibody diluted 1:100 in PBS for 1 h in the dark at room
temperature. Sections were washed 3× with PBS and incubated first with a
biotinylated anti-mouse IgG secondary antibody (Vector Laboratories,
USA) in PBS (1:5) for 1 h at room temperature and then with streptavidin
conjugate and alkaline phosphatase (Invitrogen™, USA) in PBS (1:200) for
1 h at room temperature. Subsequently, the samples were washed three
timeswithTris(hydroxymethyl)-aminomethane (Tris) buffer (Sigma,USA)
(pH 7.4) and incubated for 30–40min with aHistoMark®Red phosphatase
system kit (KPL, USA)28. The tissues were then washed three times with
distilled water, counterstained with Harris hematoxylin for 1min, dehy-
drated in increasing concentrations of 95% alcohol and absolute ethanol I
and II, and cleared in xylene I and II (1minper step). The sectionswere then
coverslipped with Entellan (Merck/Germany) and analyzed under an
optical microscope (Axiophot, Zeiss, Germany) equipped with a digital
camera (AxioCam HRC, Zeiss, Germany).

To validate the specificity of our polyclonal antibody for virus antigen
detection, we initially conducted specificity assays and cross-reactivity
assessments across a spectrum of viral species. No instances of cross-
reactivity were discerned, thereby affirming the antibody’s selectivity
towards JUAV. Subsequently, a battery of serological evaluations was
undertaken, encompassing complementfixation, immunofluorescence, and
viral particle immunoprecipitation assays, supplemented by immunoelec-
tron microscopy utilizing the polyclonal antibody. These supplementary
analyses serve to reinforce the antibody’s specificity and its suitability for the
objectives of our investigation.

Microglia immunolabeling in adult mice
Horizontal 80-μm-thick sections (1:4) containing all areas of interest were
sliced with a vibratome. The sections in each group were labeled with
selective immunomarkers. The anti-IBA1 antibody was used as a selective
marker for microglia and macrophages.

Immunoperoxidase staining was used to reveal antigenic sites.
Antigen retrievalwas performedwith 0.2Mboric acid (pH9.0) for 1 h in a
water bath at 60 °C. The sections were then permeabilized with 0.5%
TritonX-100 in PBS. Nonspecific sites were blocked with 10% goat serum
and 10% horse serum in PBS containing 2% azide for 24 h. The sections
were incubated in the abovementioned blocking solution containing a
primary antibody (Monoclonal Anti-IBA1, Wako, Japan; diluted 1:500)
for 72 h. Next, the sections were incubated in the abovementioned
blocking solution containing biotinylated goat anti-rabbit IgG as the
secondary antibody (Vector Laboratories, USA; diluted 1:250) for 12 h.
Endogenous peroxidase was inactivated by incubation with 3% hydrogen
peroxide and distilled water for 10 min. The sections were washed twice
with 0.1MPB (pH7.4) and incubated in 1%acetate buffer (pH6.0, 3 min).
Finally, the sections were transferred into the avidin–biotin ABC complex
solution from the Vectastain® Kit (Vector Laboratories, USA) and incu-
bated for 3 h. The sections were washed, and horseradish peroxidase
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(HRP) was visualized via the DAB/nickel/glucose oxidase metho27. This
procedure increased the background and foreground contrast. For the
DAB/nickel/glucose oxidase method, all sections were washed again in
PBS before incubation in 0.2M acetate buffer (pH 6.0) for 5 min and
incubation in GND solution (0.6mg/mL DAB, 2.5 mg/mL ammonium
nickel chloride, and 1mg glucose oxidase) for visualization. All steps were
carried out under gentle and constant agitation. The brain sections were
mounted on gelatinized slides and dried at room temperature. The dried
sectionswere dehydrated by sequential incubation in gradient solutions of
95% alcohol and absolute ethanol I and II and cleared in xylene (100%) I
and II (1 min per step). The sections were then coverslipped with Entellan
(Merck/Germany) and analyzed under an optical microscope (Axiophot,
Zeiss, Germany) equipped with a digital camera (AxioCam HRC, Zeiss,
Germany).

Transmission electron microscopy (TEM)
Two paraformaldehyde-fixed brains (harvested fromneonatalmice at 8 dpi
and adult GI3 mice at 59 dpi) from each experimental group were serially
sectioned (300 µmthickness) using a vibratomeandwere thenpostfixed in a
solution containing 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer
(TCS) (pH 7.2) supplemented with 3mM calcium chloride (CaCl2) for 2 h
at room temperature29.

The sections were washed 4 times in buffered saline solution with
0.1 M sodium cacodylate (CBS) and CaCl2 (3 mM), and the areas of
interest were postfixedwith 1% osmium tetroxide (OsO4) supplemented
with 0.8% potassium ferrocyanide and 5 mMCaCl2 in cacodylate buffer
(0.1 M) (pH 7.2) for 1 h at 4 °C. Contrast blocking was performed with
2.5% uranyl acetate in 25% acetone for 1 h at 4 °C. Dehydration was
performed by incubation with increasing concentrations of acetone
(50%, 70%, 90%, and 100% I, II and III) for 10 min each, and the samples
were then incubated in increasing concentrations of Epon diluted in
acetone (1:2 for 12 h; 1:1 for 8 h; 2:1 for 24 h; EponplusDMP-30 for 24 h)
at 4 °C. The samples were finally incubated in Epon plus DMP-30 in
appropriate molds in an oven at 60 °C for 48 h for resin polymerization
(LUFT, 1961).

Electron microscopy negative contrasting
Supernatants from cultured cells infectedwith JUAVwere used for negative
contrasting. Primary glial cell cultures were prepared as described
elsewhere30. A drop of the material was placed on a 400-mesh copper grid
covered with a formvar plastic film reinforced by a thin layer of carbon31.
After one minute, the excess material was removed with a strip of filter
paper, after which a drop of 2% phosphotungstic acid (PTA) (pH 6.6) was
added to the grid for oneminute32. The excess PTAwas then removedwith a
strip of filter paper, and the remaining material was observed using TEM
(Zeiss, EM 900).

Immunoelectron microscopy
The culture supernatants of infected and uninfected (control) cells were
centrifuged at 12,000 revolutions per minute (rpm) for 15min at 4 °C. The
supernatant was used to dilute the antibody suspension to match the con-
centration of the sample of interest (1:250, 1:500, and 1:750). The mixtures
were incubated in the homogenizer overnight at 4 °C. Then, each mixture
was centrifuged at 12,000 rpm for 30min at 4 °C, the supernatant was
discarded, and the pellet was resuspended in distilled water and processed
for negative contrasting32.

Flow cytometry
The production of cytokines in serumand brain homogenates was analyzed
according to the manufacturer’s recommendations (BD™ Cytometric Bead
Array (CBA) Mouse Th1/Th2/Th17 Kit, BD Biosciences, USA) and BD™

Cytometric Bead Array (CBA) Mouse Inflammation Kit, BD
Biosciences, USA).

The standard curve was generated with serial dilutions of the cytokine
standard solutions. Twenty-five-microliter serum and brain samples and

each serial dilution of the standards were transferred to labeled flow tubes.
The samples were incubated for two hours, after which the cytokines of
interest were quantified via flow cytometry (BD FACSCanto II). The data
wereprocessedusingFACSDIVAsoftware andanalyzedusingFCAPArray
3.0 software.

Indirect nitric oxide detection
Toquantify nitrite, which indirectly detectsNO, in brain homogenates from
infected and control mice, Griess reagent was used according to the man-
ufacturer’s instructions (Molecular Probes, USA).

A standard curve was generated using the nitrite concentrations pre-
dicted in the kit in PHEM2Xbuffer. First, 50 μL of each serial dilution of the
standard and the supernatants of mouse brain suspensions were added to a
96-well plate in triplicate. Then, 50 μL of Griess reagent, prepared as a 1:1
ratio of solution A [N-(1-naphthyl) ethylenediamine dihydrochloride] to
solution B (sulfanilic acid), was added to each well. The plate was incubated
for 20min at room temperature.

After incubation with the reagents, 5 μL of 2% vanadium chloride
(VCl3) in 6N hydrochloric acid solution was added, and the plate was
incubated for 25min at 60 °C in a water bath. The plate was then gradually
cooled to room temperature, and the absorbance of each sample was
measured with a spectrophotometer (EL 800, Bio-Tek) using a 550 nm
wavelength filter33. For this method, the detection limit of nitrite is 1.0 μm.

Histopathological analysis
Aftermacroscopic analysis, the left cerebral hemispheres harvested fromtwo
animals from each experimental group at 59 dpi were subjected to histo-
pathological processing. The tissues were dehydrated in increasing alcohol
concentrations (70%, 80%, 95%, and absolute ethanol I–IV) and cleared in
xylene (I–III). The sections were immersed in a paraffin bath at 60 °C three
times for 1 h and 20min each. The tissue sections used for histopathological
analysis were sliced from paraffin-embedded tissue blocks28.

The blocks were sectioned using a rotary microtome (RM2235, Leica,
Switzerland). The sections (5 µm thick) were mounted on glass slides and
incubated in an oven at 60 °C overnight. The following day, the sections
were dewaxed in xylene I and II (100%, for 3min each), rehydrated in
decreasing concentrations of alcohol (absolute ethanol I and II, 95%, 80%
and 70%) and in distilled water (1min each), and then stained with Harris
hematoxylin for 2min. The sections were then washed with distilled water,
immersed in70%alcohol, and stainedwith eosin for 3min.This processwas
followed by dehydration in increasing concentrations of alcohol (70%, 80%,
95%, and absolute ethanol I and II) and xylene (I and II) (1 min of
immersion in each)34.

The sections were mounted on slides and coverslipped using Entellan
(Merck/Germany) prior to evaluation by optical microscopy (Axiophot-
Zeiss, Germany). Images were acquired with a digital camera (AxioCam
HRC, Zeiss, Germany).

Results
Taxonomic classification of JUAV
For taxonomic classification, we investigatedmorphological and genomic
characteristics. We evaluated the ultrastructural features of the viral
particles in the mouse brain at 8 dpi and in JUAV-infected cultured
primary glial cells. The viral particles were spherical in shape and none-
nveloped, with a diameter of approximately 30 nm. The particles were
clustered in the cytoplasm, and their presence was associated with his-
topathological alterations and changes in inflammatory cytokine pro-
duction in infected mouse brain tissue and behavioral changes in the
infected mice (Fig. 1A–D).

Via molecular analysis, a total of 406,963 reads were obtained, and in
the second run, 1,671,628 reads were obtained. After assembly, 89,562 reads
were generated, resulting in a total of 13,615 contigs, with the largest contig
containing6753nucleotides (nt). The sequence coverage exceeded3000 fold
(coverage = genome size/number of reads). An RNA genome containing
5020 nt was obtained and was shown to harbor three open reading frames
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(ORFs) and two intergenic regions (IGRs) flanked by 5’ and 3’ untranslated
regions. Protein sizes and isoelectric points were predicted using Geneious
software. The genome of JUAV is depicted in Fig. 2A and B. This organi-
zation of this genome is similar to that of other tombusviruses.

BLASTX results revealed sequence identities of 54.6%, 47.6%, and
31.7% corresponding to ORF1, ORF2, and ORF3, respectively, with mute
swan feces-associated tombus-like virus 635,36.

InterProScan analysis revealed a high sequence identity between the
protein encoded by ORF2 (480 aa) and the domain of the RdRp protein
between positions 16 and 475.

The phylogenetic tree contained several monophyletic clades corre-
sponding to each genus within the Tombusviridae family (Fig. 3). However,
JUAV was grouped into the most external monophyletic clade with other
unclassified viruses within this family.

The boxplot (Fig. 4) demonstrates the evolutionary distances between
species within this genus. It shows several outliers within the unclassified
clade, probably due to the high diversity among these viruses. The supple-
mentary figures and tables provide additional information related to the
JUAV’s molecular analysis.

Juruaça virus NCBI code is PP911331. The BLAST results indicated a
relationship between JURV and tombo-like viruses, suggesting an affiliation
with the Tombusviridae family.

Changes in cytokine production in the brains of infected
neonatal mice
Graphical representations of the progressive increase in inflammatory
cytokine production in the brain samples collected from infected neonatal
mice at 4, 8, and 12 dpi are shown in Fig. 5.

Fig. 2 | Functional domains in Tombusviridae
viruses and JUAV genome features. A Illustration
of protein functional domains in various viruses
from the Tombusviridae family. The yellow arrow
indicates the protein-coding region, with functional
domains highlighted in purple. The “ps_ssRNAv_-
Tolivirales_RdRp” sequence represents the catalytic
core domain of the RNA-dependent RNA poly-
merase (RdRp) enzyme in positive-sense single-
stranded RNA (+ssRNA) viruses of the order
Tolivirales. B Features of the JUAV genome,
detailing the lengths of individual genes, and the
position and isoelectric point (pI) of each putative
protein. Data shown are representative of three
independent experiments.

Fig. 1 | Electron micrographs of JUAV particles in
mouse CNS cells. Electron micrographs illustrating
JUAV particles. A Negative staining of primary
culture supernatant from mouse central nervous
system (CNS) cells, highlighting viral particles.
B Ultrathin sections of the mouse brain at 8 days
post-infection (dpi), showing nonenveloped viral
particles clustered in the cytoplasm. C and
D Immunoelectron micrographs demonstrating
immunocomplexes formed between the anti-JUAV
antibody and viral particles (white arrows). These
images are representative of three independent
experiments.
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Sickness behavior in neonates with acute infection
Table 1 shows the relationships between clinical signs and inflammatory
events in the neonatal mouse brain. Sickness behavior in the BALB/c mice
included ruffled fur, tremors, a hunched posture, weight loss, and hindlimb
paralysis. The clinical signs were more intense at 12 dpi, which coincided

with increased TNF-α and IFN-γ production and decreased IL-10 pro-
duction. At this stage of infection, the production of the proinflammatory
cytokines IL-6 and IL-1β had already declined.

As the disease progressed, contrasting body weight patterns were
observed between neonatal and adult JUAV-infected BALB/c mice (Fig. 8).
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Whereas the body weight changes in the neonates occurred shortly after
infection (days post-infection), those in adult mice occurred late (weeks
post-infection).

Neuropathological features of infected neonatal mice
Mice intracerebrally inoculated with Juruaça virus (JUAV) exhibited acute
fatal infections, characterized by detectable symptoms such as tremors and
subsequent flaccid paralysis, evident by 4 days post-infection (dpi). The
clinical signs exhibited by neonatemice are the result of a complex interplay
between neuronal virus infection and the subsequent inflammatory
response elicited by the host’s immune system. Furthermore, our primary
cell culture studies have revealed that both glial cells and neurons are sus-
ceptible to JUAV infection. The presence of nonenveloped viral particles in

the brainwas concomitantwith the onset of these clinicalmanifestations.At
8 dpi, the infected neonatal BALB/c mice exhibited significant JUAV anti-
gen immunolabeling in the olfactory bulb, cortex, hippocampus, and cer-
ebellum (Fig. 6). Histopathological analysis at 12 dpi revealed vascular
congestion in the meninges, choroid plexus, and olfactory bulb and severe
tissue damage in cortical areas. The observed cortical tissue damage inclu-
ded vacuolar edema and coagulative necrosis across the parenchyma,
pyknosis, karyorrhexis and apoptotic neuronal and glial cell bodies. Acti-
vated macrophages and swollen reactive astrocytes exhibited eccentric
nuclei, an abundant hyaline cytoplasm, and prototypical processes
(gemistocytic astrocytes) in response to tissue damage, and leukocyte
infiltration and perivascular hemorrhagic foci with red blood cells outside
the vascular bed were visible (Fig. 7).

Fig. 3 | Phylogenetic analysis of Tombusviridae family viruses based on RdRp
domains. Phylogenetic tree of different strains of viruses belonging to the Tom-
busviridae family. The maximum likelihood (ML) method was used based on the
amino acid sequences of the functional domains of the viral RNA-dependent RNA
polymerase (RdRp) (PF00998), with the LG+ F+ R5 matrix identified as the best
model for amino acid substitution. Known genera are shown in different colors. The
sample identified in this study is indicated by a yellow arrow. The numbers at each
main node represent bootstrap values as percentages (1000 replicates). The scale bar
indicates the amino acid divergence per site between sequences. JUAVwas clustered
into a clade of ungrouped viruses outside this family, supported by a bootstrap value
of 94%. The genome organization of the identified genus and ungrouped viruses,
such as Mute swan virus and Serdyukov virus, shows a similar genome organization
to JUAV, clustering in the same clade in theML phylogenetic tree. Phylogenetic tree:
TCV/NC_003821: Turnip crinkle virus; CCFV/NC_001600/Australia: Cardamine
chlorotic fleck virus; HCRSV/NC_003608/ ElSalvado: Hibiscus chlorotic ringspot
virus; JINRV/NC_002187: Japanese iris necrotic ring virus; MNSP/NC_001504:
Melon necrotic spot virus; PSNV/NC_004995/Japao/2002: Pea stem necrosis virus;
SoYMMV/NC_011643/Coreiado: Soybean yellow mottle mosaic virus; CPMoV/
NC_003535/Nigeria: Cowpea mottle virus; NLVCV/NC_009017/Alaska/20:
Nootka lupine vein-clearing virus; SCV/NC_001780: Saguaro cactus virus; CbMV/
NC_021926/USA/2002: Calibrachoa mottle virus; AnFBV/NC_007733/USA/2006:
Angelonia flower break virus; CarMV/NC_001265: Carnation mottle virus; PFBV/
NC_005286 /Espanha/20: Pelargonium flower break virus; HnRSV/NC_014967/
USA/2011: Honeysuckle ringspot virus; PelRSV/NC_026240: Pelargonium ringspot
virus; ELV/NC_026239: Elderberry latent virus; PCRPV/NC_005985: Pelargonium
chlorotic ring pattern virus; RrLDV/NC_020415/USA/2009: Rosa rugosa leaf dis-
tortion virus; MCMV/NC_003627: Maize chlorotic mottle virus; PLPV/
NC_007017/Alemanha/2: Pelargonium line pattern virus; CMMV/NC_0111108/
ReinoUnid: Cocksfoot mild mosaic virus; TPAV/NC_021705/USA/2005: Thin
paspalum asymptomatic virus; PMV/NC_002598/USA/1957: Panicum mosaic
virus; GaMV/NC_001818: Galinsogamosaic virus; FNSV/NC_020469/Colombia/2:
Furcraea necrotic streak virus; TNVA/NC_001777: Tobacco necrosis virus A;
OMMV/NC_006939/Portugal/2: Olive mild mosaic virus; OLV1/NC_001721/Ita-
lia: Olive latent virus 1; TLeV1/NC_015227/USA/2006: Trailing lespedeza virus 1;
CLSV/NC_007816/Canada/200: Cucumber leaf spot virus; YSV/NC_022895/
Nigeria/199: Yam spherical virus; PoLV/NC_000939: Pothos latent virus genes;
MWLMV/NC_009533/USA/2007: Maize white line mosaic virus; JCSMV/
NC_005287/Ira/2006: Johnsongrass chlorotic stripe mosaic virus: BBSV/
NC_004452/China/1980: Beet black scorch virus; TNVD/NC_003487/Hungria/19:
Tobacco necrosis virus D; LWSV/NC_001822/Franca/199: Leek white stripe virus;
MNeSV/NC_007729: Maize necrotic streak virus; CBLV/NC_004725/Bulgaria/2:
Cucumber Bulgarian latent virus; EMCV/NC_023339/Israel/200: Eggplant mottled
crinkle virus; PLV/AY100482: Pear latent virus; LNV/DQ011234/Taiwan: Lisian-
thus necrosis virus; LNSV/JN700748/USA/1998: Lettuce necrotic stunt virus; MPV/
NC_020073/Marrocos/19: Moroccan pepper virus; CNV/NC_001469: Cucumber
necrosis virus; CyRSV/NC_003532: Cymbidium ringspot virus; PeNSV/
NC_005285: Pelargonium necrotic spot virus; PNSV/AJ607402: Pelargonium
necrotic spot virus; AMCV/NC_001339: Artichoke mottled crinkle virus; CIRV/
GQ259480/Italia/2009: Carnation Italian ringspot virus; CIRV/NC_003500: Car-
nation Italian ringspot virus; GALV/NC_011535/Japao: Grapevine Algerian latent
virus; TBSV/NC_001554: Tomato bushy stunt virus; PEMV2/NC_003853: Pea
enation mosaic virus-2; CMoV/KF533713/ReinoUnido: Carrot mottle virus;
CMoV/NC_011515/Alemanha/2: Carrot mottle virus; CMoMV/NC_001726

/Australia: Carrot mottle mimic virus; GRV/NC_003603/AfricadoSul: Groundnut
rosette virus; ETBTP/NC_024808/Ethiopian: Ethiopian tobacco bushy top virus;
TBTV/NC_004366/China/2001: Tobacco bushy top virus; OPMV/NC_027710/
NovaZeland: Opium poppy mosaic virus; OCST/NC_003633: Oat chlorotic stunt
virus; BYDVGAV/NC_004666: Barley yellow dwarf virus-GAV; DRVX1/
AB033715: Dianthovirus RVX1; CRV/NC_003530: Carnation ringspot virus;
RCNMV/NC_003756: Red clover necrotic mosaic virus; SCNMV/NC_003806:
Sweet clover necrotic mosaic virus; Juruaca_BEAN401933: Virus Juruaçá; OBDV/
NC_001793: Oat blue dwarf virus; GFkV/NC_003347/Italia/199: Grapevine fleck
virus; APLV/NC_020470/Colombia/1: Andean potato latent virus; NCBV/
NC_001990/AfricadoSu: Nudaurelia capensis beta virus; DpTV/NC_005898/
China/2005: Dendrolimus punctatus tetravirus; HEV/KR872417: Hepatitis E virus;
CuTV/NC_015521/USA/1988: Cutthroat trout virus; PLRV/NC_001747: Potato
leafroll virus; PEMV1/NC_003629: Pea enation mosaic virus-1; SCPMV/
NC_001625: Southern cowpea mosaic virus; HcRNAV/NC_007518: Heterocapsa
circularisquama RNA virus; NV/NC_002690: Nodamura virus; SJNNV/
NC_003448: Striped Jack nervous necrosis virus; EPMS2/NC_001417: Enter-
obacterio phage MS2; EPQB/NC_001890: Enterobacteria phage Qbeta; TAstV1/
NC_005790/USA/2000: Turkey astrovirus 2; RA/NC_025346/USA/2010: Rabbit
astrovirus; TaV/AF282930: Thosea asigna virus; WAC/NC_004541: Walrus calici-
virus; SaV/NC_010624/Tailandia/2: Sapovirus Mc10; NAV1/NC_007916/Rein-
oUnido: Newbury agent 1 virus; RHDV/NC_001543/China/1991: Rabbit
hemorrhagic disease virus; PRRSV/NC_001961/Americado: Porcine respiratory
and reproductive syndrome virus; ToTV/NC_009013/Espanha/20: Rice tungro
spherical virus; CRLVpot/NC_006271/USA/200: Broad bean wilt virus 2; RTSV/
NC_001632: Bean pod mottle virus; PYFV/NC_003628: Parsnip yellow fleck virus;
SDV/NC_003785/Japao/1979: Satsuma dwarf virus; TomRSV/NC_003840: Tomato
ringspot virus; BPMV/NC_003496: Cherry rasp leaf virus; BBWV2/NC_002690:
Tomato torrado virus; IAPV/NC_009025/Israel/200: Cricket paralysis virus; CrPV/
NC_003924/Australia: Israel acute paralysis virus of bees; ssRNAV/NC_007522/
Japao/20: Schizochytrium single-stranded RNA virus; RsRNAV1/NC_018613/
Japao: Rhizosolenia setigera RNA virus 01; PnPV/NC_003113/Taiwan/199: Perina
nuda virus; ChPV2/NC_024766/HongKong: Chicken picornavirus 2; DHV1/
NC_008250/USA/1949: Duck hepatitis A virus 1; HPeV/NC_001897: Human
parechovirus; SPaV1/NC_018226/Franca/20: Swine pasivirus 1; SePV1/
NC_009891/Canada/20: Seal picornavirus type 1; KuV/KC935379/Hungria/2011:
Kunsagivirus 1; HAV/NC_001489: Hepatitis A virus; AEV/NC_003990: Avian
encephalomyelitis virus; PSV1/NC/003987: Porcine sapelovirus 1; EVC96/
KF495604/China/2011: Human enterovirus C96; SVV001/NC_011349/USA/2002:
Seneca valley virus; EMCV/NC_001479: Encephalomyocarditis virus; MSP1/
JQ814851/China/2010: Miniopterus schreibersii picornavirus 1; ERAV/
NC_003982: Equine rhinitis A virus; HCoV/NC_023984/Holanda/19: Human
cosavirus; ERBV1/NC_003983: Equine rhinitis B virus 1; PTV1/NC_003985: Por-
cine teschovirus 1; BHuV1/NC_018668/Hungria/2: Bovine hungarovirus 1;
>MoVA2/NC_023987/Hungria/2: Mosavirus A2; RoV2/NC_024070/Gambia/200:
Rosavirus 2; CPDV/NC_021178/HongKong/2: Canine picodicistrovirus; TVH/
NC_021201/USA/2008-20: Turkey hepatitis virus 2993D; SaliV-FHB/NC_025114/
China: Salivirus FHB; TV3/NC_014413/China/2006: Turdivirus 3; SakoVA/
NC_022802/Portugal: Feline sakobuvirus A; AV/NC_001918/Paquistao/19: Aichi
virus; TuGV/NC_018400/Hungra/201: Turkey gallivirus; TV1/NC_014411/China/
2007: Turdivirus 1; JSY/NC_028380/China/2015: Chicken sicinivirus JSY. Phylo-
genetic analysis was repeated independently three times with consistent results.
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The observed histopathological changes at 12 dpi were consistent with
a reactive microglial response, with microglia exhibiting enlarged cell
bodies, shortened and thickened processes, and amacrophage-like rounded
morphology, in contrast to a surveillant nonreactive microglial response
characterized by smaller cell bodies and thinner and ramified processes.
Thesemorphological responses ofmicroglia were found in all cortical areas,
the olfactory bulb, the anterior olfactory nucleus, and near the lateral ven-
tricles of the diencephalic region (Fig. 8).

Sickness behavior and neuropathological features associated
with chronic JUAV infection in adult mice
Table 2 demonstrates the marked variability in sickness behavior among
infected adults as the infection progressed. Some mice were not sickened
after inoculation, and among those who did become ill, some continued to
decline anddie,while others recovered and returned to ahealthy state. Table
2 shows the data of 10 individual mice observed daily for 100 con-
secutive days.

As the infection progressed, the sickness behavior and bodyweight loss
of the adultmice varied. Indeed, while three distinct clinical groups (G1, G2,
and G3) were established based on the manifestation of clinical signs, only
the individualswith severe signs (G3) exhibited significantweight loss as the
infection progressed (Fig. 9).

Sickness behavior was highly variable in JUAV-infected adult mice.
Some infectedmice exhibited no clinical signs (G1), and other infectedmice
exhibited many clinical signs, such as ruffled fur, a hunched posture, body
weight loss, hindlimb clasping, andparalysis. In adultmice, the initial sign—
ruffled fur in the cervical region—appeared at 30 dpi in two of the 10
infectedadultmice. In the followingdays, fur ruffling spread toother regions
of the body in four of the individualmice, whose tails also showed hindlimb
clasping behavior upon tail suspension (Fig. 9B and F). At 50 dpi, 5 mice
exhibited reduced mobility, paralysis of one or both hindlimbs, a hunched
posture, and weight loss. Three mice died between 53 and 65 dpi. All the
dead animals exhibited ruffled fur, hindlimb clasping, severely hunched
posture, hindlimb paralysis, and severe weight loss. The survivors (n = 7)

exhibited ruffled fur, hindlimb clasping, weight loss, and slightly hunched
posture. Hindlimb paralysis occurred in only three of the survivors. Two of
the seven survivors exhibited no clinical signs.

Counterintuitively, themice in group 2 showed significant decreases in
brain mass, specifically in the telencephalon, cerebellum, and brainstem.
These animals did not experience weight loss (G2) by the time of sacrifice
(100 dpi) (Fig. 10G, right) but did exhibit hindlimb clasping behavior. All
symptomaticmice in group 3 exhibited CNS atrophy, which appeared to be
associated with reductions in both gray and white matter.

JUAV antigen expression in the brains of infected adult mice
Only infected mice in groups G2 and G3 showed immunolabeling of viral
antigens in the brain. Immunolabeling was more intense in the spinal cord
and the temporal and frontal neocortical regions, but many other CNS
regions, including the thalamus, hypothalamus, cerebellum, hippocampus,
and striatum, also exhibited immunolabeling (Fig. 11).

Surveillant and reactive microglia
Comparedwith the brains of control uninfectedand infectedmice inG1, the
brains of infected adult animals in G2 and G3 showed intensely IBA-1-
positive reactive microglia (Fig. 12).

Indeed, smaller cell bodies with thinner and longer processes were
observed in microglia from the control and G1 mice, while microglia
with the typical reactive morphology (larger somata, thicker processes,
and multiple shorter processes) were found at greater densities in the
olfactory bulb, olfactory nucleus, putamen, cerebral cortex, mesence-
phalon, thalamus, cerebellum, spinal cord, andmeninges in the G2 and
G3 mice.

Cytokine production and ultrastructural changes in the brain in
chronically infected adult mice
Counterintuitively, the levels of inflammatory cytokines (TNF-α, IL-6, IL-
1β, and IFN-γ) in the brains of uninfected control mice and in the brains of
chronically infected mice were indistinguishable. Indeed, in chronically

Fig. 4 | Boxplot of intra- and intergroup distance distributionswithin Tombusviridae family.Boxplot showing distance distributions of intra- and intergroup alignments
between genera within the Tombusviridae family based on the RdRp domain. Boxplot represents data compiled from four independent sequence alignments.
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Fig. 5 | Cytokine production in brain homogenates of control and JUAV-infected
neonatal mice. Cytokine levels in brain homogenates from control (n = 27) and
JUAV-infected neonatal mice collected at 4 days post-infection (dpi) (n = 9), 8 dpi
(n = 9), and 12 dpi (n = 9). The Y-axis represents cytokine concentrations expressed
in pg/mL. Data are presented as means ± standard error of the mean (SEM).
Cytokine measurements include: A IFN-γ, B TNF-α, C IL-1β, D IL-6, E IL-12p40,
F IL-10, and G IL-4, and H NO. Notably, IFN-γ and TNF-α levels were highest at

12 dpi, whereas IL-1β, IL-6, and IL-12p40 peaked at 8 dpi and then decreased. IL-6
and IL-12p40 remained significantly elevated compared to control values at 12 dpi.
Conversely, IL-10 and IL-4 concentrations decreased as the disease progressed.
A significant reduction in NO production was observed only at 12 dpi. Statistical
significance was determined using two-way ANOVAwith Bonferroni correction for
multiple comparisons (*p<0.05; **p< 0.01; ***p<0.001).Data are representative of
three independent experiments.
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infected animals with severe clinical signs, which exhibited reactive
microglia and viral particles in the brain parenchyma, the levels of IL-12p70,
TNF-α, IFN-γ, IL-6, and IL-10 in the blood and brain tissue did not differ
significantly from those in control mice. However, the brain tissue level of
the chemokine monocyte chemoattractant protein-1 (MCP-1) was closely
associated with the severity of clinical signs (Fig. 13G).

While the levels of NO (measured with Griess reagent) and proin-
flammatory cytokines (measured by flow cytometry) were significantly
increased in the brains of acutely infected neonatal mice, those in the brains
of chronically infected animals did not differ significantly from those in
uninfected control mice.

However, the level of MCP-1 in the brain was directly proportional
to the intensity of clinical signs, with higher levels of this chemokine in
G3 mice. We suggest that the increased production of MCP-1 in the
brains of JUAV-infected adult mice may play a major role in the
associated chronic neuroinflammation and variability in sickness
behavior.

From 70 to 100 dpi, when all the remaining mice were sacrificed, no
worseningor improvement of clinical signswas observed in the animals that
survived the viral infection.

Ultrastructural analysis revealed necrosis andmyelin sheath damage in
infectedmice inG2andG3. Indeed, thepresenceof spherical electron-dense
particles in the thalamus in G3 mice suggested the presence of JUAV-like
viral particles in the parenchyma (Fig. 13A–F).

The supplementary figures and tables contain additional information
regarding cytokine production and body weight changes during JUAV
disease progression.

Table 1 | Body weight, clinical signs, cytokine production, and
NO production in neonate BALB/c mice at three time points
after infection with JUAV

Virus Event Day post inoculation

4 8 12

Juruaça Body
weight (n = 10)

(+ +) (+ + +) (+)

Clinical
signs (n = 36)a

(–) (✱) (✱✱✱)

IL-12p40 (+) (+ + +) (+ +)

IL-6 (+) (+ + +) (+ +)

TNF-α (+) (+ +) (+ + +)

IFN-γ (+) (+ +) (+ + +)

IL-1β (+ +) (+ + +) (+)

IL-2 (–) (–) (–)

IL-17A (–) (–) (–)

IL-4 (+ + +) (+ +) (+)

IL-10 (+ + +) (+ +) (+)

TGF-β1 (–) (–) (–)

NO (+) (+ +) (+ +)

While body weight and anti-inflammatory cytokine production declined as the disease progressed,
clinical signs and proinflammatory cytokine production increased. (+) low, (++) intermediate, (++
+) high, (–) absent, (✱) few signs, (✱✱✱) many signs.
aIndicates observations made throughout the experiment.

Fig. 6 | Immunohistochemical analysis of JUAV
antigen in brain sections of control and infected
neonatal mice. Photomicrographs of brain sections
from control (A and B, n = 9) and JUAV-infected
neonatal mice (C–F, n = 9) at 8 days post-infection
(dpi), immunostained with an anti-JUAV poly-
clonal antibody. A and B Control brain sections
showing the absence of immunolabeling.
C–F Infected brain sections showing increased viral
antigen immunolabeling in cell bodies within the
olfactory bulb (C), cortex (D), hippocampus (E),
and cerebellum (F). The same individuals were used
for both histopathology and immunohistochem-
istry. Data shown are representative of two inde-
pendent experiments with similar results.
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Discussion
Disease tolerance and host resistance represent crucial mechanisms within
the innate immune response thatmitigate the negative impact of pathogenic
infections1,37. This complex interplay is characterized by variability in
immune responses among individuals38, influenced by genetic, epigenetic,
and environmental factors39–43.

We utilizedneonatal and young adult BALB/cmice to explore sickness
behavior and neuropathological features following acute and chronic Jur-
uaça virus (JUAV) infection. Sequencing of the JUAV genome revealed
molecular similarities with members of the unclassified Tombusviridae
family andmute swan feces-associated tombus-like virus 635,36.However, the
provisional classification of JUAV requires further validation.

Our in vivo investigations into JUAV infection unveiled significant
intra- and intergroup variability, encompassing clinical signs, inflammatory
cytokine production, histopathology, and neuropathology in both neonatal
and adult mice.

The Tombusviridae family, encompassing diverse positive-sense RNA
plant viruses, shares common genomic characteristics across its genera44.
Mute swan feces-associated tombus-like virus 6, identified in mute swan
feces in China, belongs to this family36. While interspecies virus transmis-
sion is rare, adaptive mutations can facilitate cross-species infections45. If
JUAV indeed shares ancestry with mute swan feces-associated tombus-like
virus 6, it suggests a potential origin from a plant virus, with subsequent
adaptation formammalian infection, impacting bats andneonatal and adult
mice differently46–49.

During acute JUAV infection in neonates, injury to infected cells initi-
ates local inflammation, marked by increased proinflammatory cytokines
(IL-1β, IL-6, IFN-γ, TNF-α) and the chemokineMCP-1. Someneonatalmice
exhibited resolution and recovery, while others displayed dysfunctional
responses, leading to widespread inflammation and multiorgan failure50.

The presence of red blood cells in Fig. 7 suggests significant tissue
damage within the central nervous system. This damage is likely due to

Fig. 7 | Histopathological analysis of brain sec-
tions from control and JUAV-infected
neonatal mice. Photomicrographs of hematoxylin
and eosin (HE)-stained histological sections of the
brains of control (A, n = 3) and JUAV-infected
neonatal mice (B–H, n = 9) at 12 days post-infection
(dpi). A Control brain section showing normal
histology. B Infected brain sections showing:
C vascular congestion in the olfactory bulb (white
arrows). D Diencephalic hemorrhagic focus (circle)
and karyorrhexis (black arrows). E Vascular con-
gestion in the 4th ventricle choroid plexus (white
arrows). F Red blood cells outside the vascular
lumen in the cortical region (circle). G Typical
apoptotic cell bodies in the olfactory bulb (yellow
arrowheads). H Severe necrotic damage, apoptotic
cell bodies, and leukocytes in the cortical areas.
Histopathological findings were consistent across
three independent experiments.
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severe necrosis, which compromises the integrity of blood vessels,
leading to hemorrhage and the infiltration of red blood cells into the
surrounding tissue. Our analysis of proinflammatory cytokines in the
brain supports this conclusion, indicating a strong inflammatory
response that exacerbates tissue damage and contributes to the observed
hemorrhage51.

In contrast, adult mice exhibited a subdued cytokine response but
sustained MCP-1 levels, correlating with inflammatory infiltration in var-
ious organs. Chronic infection persisted in adults, potentially exceeding
tolerance thresholds52,53.

Transcriptomic analyses in rodent models highlight differential
responses to inflammation, with P. leucopus exhibiting greater tolerance,

Fig. 8 | Microglial activation in JUAV-infected
neonatal mice. Photomicrographs of IBA-
immunostained brain sections from JUAV-infected
neonatal mice (n = 9) at 12 days post-infection (dpi).
A Low-magnification image showing microglia in
the olfactory bulb. C Increased microglial density
near the lateral ventricle. E Increased microglial
density in the cerebellum. G Increased microglial
density at the borders of adjacent cortical and
mesencephalic regions. B, D, F, and H High-
magnification views of the rectangular regions
indicated in the low-power images, demonstrating
morphological changes in microglia at various
stages of reactivity. White arrows indicate microglia
with thinner and thicker processes, while black
arrows and arrowheads indicate round
macrophage-like microglia and meningeal micro-
glia, respectively. Control mouse sections (not
shown) exhibited non-activated microglia. Scale
bars: A, C, E, and G = 550 µm; B, D, F, and
H = 100 µm; I = 1mm. Microglial activation pat-
terns were confirmed in two independent
experiments.
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underscoring the importanceof inflammatorymodulation in resistance and
tolerance mechanisms54. Similarly, diverse host defense gene programs in
response to influenza infections illustrate varying tolerance and resistance
mechanisms55.

Microglia are pivotal cells governing the innate immune response
within the brain. When triggered by external stimuli, they undergo

activation, releasing proinflammatory mediators associated with
neurotoxicity and neuroinflammation. Alternatively, microglia can
adopt a neuroprotective phenotype, wherein they release anti-
inflammatory mediators56–58. Neonatal mice displayed heightened
proinflammatory cytokines, while adults exhibited attenuated
responses, associated with brain and spinal cord atrophy and motor

Table 2 | Sickness behaviors in adult female mice (n = 10) infected with JUAV through 100 dpi

Days post-infection (dpi) Number of subjects with specific sickness behaviors

Ruffled fur Hindlimb clasping Hindlimb paralysis Weight loss Hunched posture Death

1–29 0 0 0 0 0 0

30–50 4 4 0 0 0 0

51–52 6 5 5 5 3 0

53–65 6 6 5 5 3 3

66–69 4 2 2 2 0 0

70–100 5 5 2 2 0 0

Fig. 9 | Body weight changes in neonatal and adult mice following JUAV infec-
tion. A Body weight changes in neonatal mice following JUAV infection. Neonatal
mice (control, n = 10; infected, n = 10) received a single intranasal instillation of
20 µL of brain homogenate from infected or uninfected (control) mice. Significant
weight loss was observed in the infected neonatal mice starting at 7 days post-
instillation. B Body weight changes in adult mice following JUAV infection. Adult
mice (control, n = 5; infected, n = 15) received daily intranasal administrations over

three consecutive days. Significant weight loss was observed only in the infected
group, coinciding with severe clinical signs at 35 days post-infection. Statistical
analysis for neonatal mice (A) was performed using two-way ANOVA with Bon-
ferroni correction for multiple comparisons (***p < 0.001; p < 0.01; p < 0.05). Sta-
tistical analysis for adult mice (B) was performed using two-way ANOVA with
Tukey’s post hoc test (***p < 0.001; **p < 0.01; *p < 0.05). Weight measurements
were recorded from three independent cohorts of mice.

Fig. 10 | Variability in sickness behavior observed in JUAV-infected adult mice.
Panels showing variability in sickness behavior in JUAV-infected adult mice: A and
EMice from Group 1 (G1) exhibiting no clinical signs. B and F An infected mouse
from Group 2 (G2) showing moderate clinical signs, including ruffled fur, hunched
posture, and hindlimb clasping. C andDMice from Group 3 (G3) displaying severe

clinical signs such as hindlimb paralysis, significant weight loss (C), and pronounced
hunched posture (D). G Comparison of brain mass between a control uninfected
brain (left, n = 13) and an infected brain from a G2 mouse (right), showing severe
brain mass loss. Both G2 and G3 animals exhibited similar brain shrinkage (n = 36).
Clinical observations were replicated in two independent experiments.
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dysfunction59. Chronic infections can induce T-cell exhaustion and
hinder memory T-cell generation, exacerbating disease
progression60,61.

Though consistent with findings in other chronic viral infections, our
study did not explore T-cell responses, necessitating further investigations
into underlying mechanisms62–64.

While our study provides significant insights into the taxonomic
classification of Juruaça virus (JUAV) and its effects on neonatal and adult
BALB/cmice, several limitationswarrant consideration. Firstly, the lack of a
reference genome and potential gaps in sequencing coverage contribute to
taxonomic uncertainty. Enhancing genomic sequencing methodologies to

obtain a complete reference genome is crucial for a more robust classifica-
tion of JUAV.

Secondly, the intranasal approach used for viral infection, though
commonly employed, may need to be more consistent in viral delivery and
distribution. This method only partially replicates natural infection routes,
potentially affecting the generalizability of our findings. Future studies
should explore alternative infection routes to improve the accuracy and
reliability of infection models.

Furthermore, the unusually high variability in clinical signs among
infected adult mice complicates data interpretation. This variability
underscores the inherent biological differences in virus-host interactions

Fig. 11 | Viral antigen immunolabeling and hematoxylin counterstaining of
brain tissue in JUAV-infected mice. Photomicrographs of brain tissue sections
from control (n = 5, A–C) and JUAV-infected (n = 15, D–L) mice, immunolabeled
for viral antigens and counterstained with hematoxylin.A–CControl mice showing
no viral antigen immunolabeling in the cerebral cortex (A), cerebellum (B), or spinal
cord (C).D–F InfectedGroup 1 (G1)mice showing no viral antigen immunolabeling

in the cerebral cortex (D), cerebellum (E), or spinal cord (F). G–I Infected Group 2
(G2) mice showing conspicuous viral antigen immunolabeling (arrows) in the
cerebral cortex (G), cerebellum (H), and spinal cord (I). J–L Infected Group 3 (G3)
mice showing conspicuous viral antigen immunolabeling (arrows) in the cerebral
cortex (J), cerebellum (K), and spinal cord (L). Scale bar = 50 µm. Immunolabeling
data were consistent across three independent experiments.
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and emphasizes the need for larger sample sizes and rigorous statistical
analyses to account for such variability.

Our study also lacked comprehensive immune cell analyses and the
expansion of the cytokine panel to include additional interleukins and
interferons. Future research should include these analyses to provide a
more detailed understanding of the immune response to JUAV.

Additionally, the absence of studies on the potential transmission of
JUAVbetweenmice and the presence of the virus in fecal samples limits our
understanding of its transmission dynamics. Investigating these aspects in
future studies will be crucial for a comprehensive understanding of JUAV’s
epidemiology.

Lastly, while our validation of the anti-JUAV polyclonal antibody
was thorough, more extensive validation and characterization of
immune responses, including T cell infiltration and peripheral macro-
phage involvement, are necessary to elucidate JUAV infection’s
pathogenesis fully.

Addressing these limitations in future research will enhance the
robustness and reliability of our findings and contribute to a deeper
understanding of JUAV’s biology and its impact on mammalian hosts. By
refining our methodologies and expanding our analyses, we aim to provide
more comprehensive insights into viral pathogenesis, host immune
responses, and potential therapeutic interventions1,65,66.

Fig. 12 | Microglial reactivity in brain sections of control and JUAV-infected
adult mice. Photomicrographs of IBA-1-immunolabeled brain sections from con-
trol (n = 5) and JUAV-infected (n = 10) adult BALB/c mice. A–C Surveillant
microglia in control mice: A cerebral córtex, B hippocampus, C spinal cord,
D–F microglia from Group 1 (G1)-infected mice displaying minimal reactivity:

D cerebral córtex, E hippocampus, F spinal cord,G–I reactive microglia in Group 2
(G2) infected mice: G cerebral cortex, H hippocampus, I spinal cord, J–L reactive
microglia in Group 3 (G3) infected mice: J cerebral cortex, K hippocampus, and
L spinal cord. Scale bar = 50 µm. Observations were confirmed in three independent
experiments.
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Data availability
All relevant data are provided within the manuscript and its supporting
information files. Additional data are publicly available on NCBI under the
accession code PP11331.
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