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Microglia have a central role in the immunopathogenesis of neurobrucellosis where
its activation is a hallmark in this disease. In this study, we present in vitro evidence
that type | interferons (IFN) are involved in the activation of microglia during Brucella
abortus infection and are necessary to induce neuronal death. Neutralization of type
| IFN receptor (IFNAR) on microglia cells completely abrogates neuronal loss in
primary co-cultures of neurons/microglia infected with B. abortus or treated with
culture supernatants from B. abortus-infected astrocytes. Type | IFN regulate
inducible nitric oxide synthase (INOS) expression, and subsequently nitric oxide
(NO) production in microglia by increasing STAT1 expression and phosphorylation.
Our results also show that NF-kB and the MAPK signaling pathways, ERK1/2 and p38,
are implicated in the secretion of type | IFN induced by the bacterium. Finally, our
results indicate that iINOS induction and NO production require activation of both
NF-xB and STATL1 transcription factors. This observed molecular mechanism
contributes to neuronal death induced by B. abortus-activated microglia and may
help explain the neurological signs observed in patients with neurobrucellosis.

KEYWORDS

Brucella abortus, neurobrucellosis, microglia, type | interferons, nitric oxide,
neuronal death

Introduction

Despite being a disease with diverse clinical manifestations, inflammation is a hallmark of
human brucellosis. This infection, produced by intracellular bacteria Brucella spp., progresses
causing focalizations in a variety of organ systems. The most morbid form of the disease is
known as neurobrucellosis and affects the central and peripheral nervous system. This
focalization also presents with inflammatory signs and symptoms (1-3). The importance of
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this inflammatory disorder is due to the fact that it can lead to
irreversible damage in the central nervous system (CNS), with
neuronal loss (4); which may be associated with the numerous
neurological sequelae described in neurobrucellosis (3-6).

As neuronal dysfunction is further analyzed in light of this
evidence, it is important to consider which cells generate an
inflammatory milieu that could damage neurons during the
invasion of the CNS by Brucella. In this respect, we have proved
that B. abortus-activated microglia induce neuronal demise through
primary phagocytosis (also known as phagoptosis) (7, 8). This
peculiar mechanism of neuronal death induced by Brucella-
activated microglia depends on two concomitant events: the
release of sublethal amounts of nitric oxide (NO) together with
the increased phagocytic capacity of microglia. B. abortus-activated
microglia secrete NO, which induces neuronal exposure of the “eat-
me” signal phosphatidylserine (PS). This signal activates the
microglial phagocytosis of alive neurons through the vitronectin
receptor, using MFG-E8 as a bridging molecule. Blocking either of
the two mechanisms eradicates neuronal death (7, 8).

Microglia, which are the resident macrophages of the CNS, are an
exquisitely responsive and highly plastic cell population. They sense and
react to the local production of many different signals, including diverse
cytokines. In recent years, the impact of microglial cytokine signaling in
health and disease has begun to be elucidated. During homeostasis most
cytokines are produced at low levels, yet, any insult such as injury,
infection or autoimmunity triggers their production. This increment
usually contributes to the clearance of the pathogen and/or limit injury,
but can in the process exacerbate disease progression. Particularly,
microglia are strong responders to interleukin-6 (IL-6) and type I
interferons (IFN) (9); two cytokines that are critical in maintaining
homeostasis and regulating immune responses. However, their
sustained elevated production identifies them as key mediators in the
pathogenesis of many neuroinflammatory disorders (9). We have
recently untangled the role of IL-6 in the neuronal demise inflicted by
B. abortus-activated microglia. Our results demonstrated that autocrine
microglia-derived and paracrine astrocyte-secreted IL-6 via trans-
signaling provides microglial cells with upregulated phagocytic
capacity that allows them to kill neurons by phagoptosis (8).
However, inhibition of IL-6 signaling in B. abortus-activated microglia
did not affect NO production. Thus, IL-6 contributes to only one of the
two requirements necessary to induce primary phagocytosis of neurons,
suggesting that other mediators are involved in regulating NO
production in microglia. Since type I IFN have been implicated in the
regulation of NO secretion in different models of infectious diseases
(10), we aim to investigate if they are also relevant in modulating the NO
release in Brucella-activated microglia and if they have a role in

primary phagocytosis.

Materials and methods
Animals

BALB/c mice were acquired at the School of Medicine,
University of Buenos Aires, Argentina. Mice were housed in
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positive-pressure cabinets, maintained under specific-pathogen-
free conditions and supplied with sterile food and water ad
libitum. The temperature was kept at 22 + 2°C and the lighting
was on a 12-hour cycle. National Institute of Health (USA) rules
and standards were used to perform all animal procedures, and
experiments were approved by the Ethics Committee of Care and
Use of Laboratory Animals of the School of Medicine, University of
Buenos Aires (Protocol #181/2020).

Primary cell cultures

Mixed glial cell cultures were obtained from postnatal day 1 to 3
mouse forebrain, and cultures of cortical neurons (>95%) were
obtained from embryonic day 16 to 18 mouse forebrain following
previously described procedures (7, 11). Mixed glial cell cultures were
grown for 2-3 weeks, and then microglia were harvested (>95%) by
orbital shaking (2 h at 37°C, 180 rpm) and astrocytes were harvested
(>95%) by trypsinization. Co-cultures of neurons/microglia were
established by addition of 1 x 10° microglial cells on top of neurons
cultures (3 x 10> cells/well in 24-well plates), and allowed to adhere
overnight before treatment. Microglia were seeded at a density of 1 x
10° cells/well for phagocytosis assay and confocal microscopy or 1.4 x
10° cells/well for Real-time quantitative PCR (RT-qPCR) and Western
blot analyses. Astrocytes were seeded at a density of 3.5 x 10°/well (24-
well plates) to obtain culture supernatants, or at 1.4 x 10° cells/well for
RT-qPCR. Supernatants were used for stimulation of microglia and
neurons/microglia cultures. All cell cultures were grown at 37°C and
5% CO, atmosphere in Dulbecco’s modified Eagle’s medium (DMEM)
with high glucose, supplemented with 10% fetal bovine serum (FBS), 2
mM L-glutamine, 1 mM sodium pyruvate, 100 U/mL penicillin and
100 pg/mL streptomycin (all reagents from Gibco).

Bacteria

B. abortus S2308 was cultivated for a period of 3 to 5 days in tryptic
soy agar (TSA, Merck) at a temperature of 37°C. The bacterial
inoculum was prepared by suspending the bacteria in a sterile
phosphate-buffered saline (PBS) solution. The number of bacteria
was estimated by measuring the optical density of the solution at a
wavelength of 600 nm using a spectrophotometer (Amersham
Biosciences). Experiments performed with viable bacteria were
executed at biosafety level 3 facilities located at the INBIRS (School
of Medicine, University of Buenos Aires). To prepare HKBA (heat
killed B. abortus), microorganisms were washed in PBS, heat-killed at
70°C for 20 min, aliquoted and stored at -70°C until used. Absence of
B. abortus viability after heat-killing was verified by the lack of bacterial
growth on TSA plates.

Bacterial components

B. abortus lipidated outer membrane protein of 19 kDa (L-Omp19)
and unlipidated (U)-Ompl9 were obtained according to protocols
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previously described by our laboratory (12). Both recombinant proteins
contained less than 0.25 endotoxin U/ug of protein as assessed by
Limulus Amebocyte Lysates (Associates of Cape Cod Inc.), and were
used to stimulate cell cultures at a concentration of 500 ng/mL.
Cultures were also stimulated with lipopolysaccharide (LPS) from E.
coli (100 ng/mL; Sigma-Aldrich) and the synthetic lipohexapeptide
tripalmitoyl-S-gliceryl-Cys-Ser-Lys4-OH (Pam;Cys) (50 ng/mL;
Boehringer Mannheim) to serve as controls.

In vitro infections and culture treatment

Microglia, astrocytes and neurons/microglia cultures were
infected with B. abortus S2308 at a multiplicity of infection
(MOI) of 100 in culture medium without antibiotics for 24 or 48
h. Culture supernatants (SN) from infected astrocytes were
collected and sterilized using a 0.22 pm filter (JetBiofil) to remove
the remaining bacteria, aliquoted and stored at -70°C until used to
stimulate cultures. Microglia and neurons/microglia co-cultures
were stimulated for 48 h with SN from non-infected or B.
abortus-infected astrocytes diluted in complete medium (1/2).
Untreated wells were used as negative control.

Gene expression by RT-gPCR

Extraction of microglia and astrocyte’s total RNA was carried out
by Quick-RNA MiniPrep Kit (Zymo Research) following the
manufacturer’s instructions. cDNA was synthesized from 1 ug of
total RNA using the reverse transcriptase Improm-II enzyme
(Promega). RT-qPCR was performed with the master mix FastStart
Universal SYBR Green Master® (ROX, Roche) in a StepOne Real-Time
PCR System® (Applied Biosystems). Primers used were as follows:
IFN-o forward: 5-TCTGATGCAGCAGGTGGG-3’, reverse: 5-
AGGGCTCTCCAGACTTCTGCT-3’, IFN-B forward: 5’-
GCACTGGGTGGAATGAGACT-3’, reverse: 5-
AGTGGAGAGCAGTTGAGGACA-3’, iNOS forward: 5’-
CAGCTGGGCTGTACAAACCTT-3’, reverse: 5°-
CATTGGAAGTGAAGCGTTTCG-3’, B-actin forward: 5’-
AACAGTCCGCCTAGAAGCAC-3’, reverse: 5-
CGTTGACATCCGTAAAGACC-3. The amplification cycle was as
follows: initial denaturation for 10 min at 95°C, followed by 40 cycles at
95°C for 15 s, 60°C for 30 s, and 72°C for 60 s. Melting curve analysis
was performed on all primer sets (Invitrogen), yielding a single
amplification product. The fold change (relative expression) in gene
expression was calculated using the relative quantitation method
(2744CY, The relative expression levels were normalized to the
expression of B-actin.

Neutralization of type | IFN signaling
Neutralization experiments were performed using anti-IFNAR1

monoclonal antibody (10 ug/mL; clone MAR1-5A3; BioLegend) or its
isotype control (10 pug/mL; BioLegend), which were added 1 h before
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infection/stimulation of neurons/microglia co-cultures or
microglia cultures.

Quantification of neuronal density in
neurons/microglia co-cultures by
fluorescence microscopy

After infection or SN treatment, neurons/microglia co-cultures were
dye as previously reported (7). Briefly, cells were washed and fixed with
4% paraformaldehyde (PFA). Then, cells were permeabilized (0.125% v/
v Triton X-100) (Promega), followed by a blocking step with PBS
containing 5% FBS. Neurons were labeled with anti-B-Tubulin III
monoclonal antibody (Sigma-Aldrich) followed by Alexa Fluor 546-
labeled anti-mouse IgG2a (Life Technologies Inc.). Microglia were
labeled with biotinylated Griffonia simplicifolia isolectin-B4 (Vector
Laboratories) followed by Alexa Fluor 488-labeled streptavidin
(BioLegend). To dye nuclear structures, 4’,6-diamidino-2-phenylindole
(DAPI, Molecular Probes) was used and nuclear morphology was
analyzed to identify healthy vs. apoptotic cells. Images were acquired
by a Nikon Eclipse Ti-E PFS microscope and analyzed using Image]®
software. Five microscopic fields per duplicate coverslip were counted
(100-150 neurons). Neuronal viability was calculated with respect to
untreated/non-infected controls, and expressed as percentage.

Nitric oxide determination in culture
supernatants by Griess reaction

Nitric oxide (NO) levels in culture supernatants were evaluated by
measurement of nitrite concentration (stable metabolite of NO) by
colorimetric Griess reaction. For this, 50 UL of culture supernatant was
incubated with 50 UL of Griess reactive (1% sulfanilamide and 0.1%
naphthylethylenediamine dihydrochloride in 2.5% phosphoric acid)
for 10 minutes at room temperature. Absorbance at 550 nm was
measured in a microplate reader. Nitrite concentration was determined
using a standard curve of sodium nitrite (NaNO,).

Phagocytosis assay

Phagocytic capacity of microglia was evaluated using
fluorescent carboxyl microbeads where cells were incubated with
0.003% w/v Nile red 5 - 5.9 um beads (Spherotech) for 2 h at 37°C
and 5% CO,. Next, microglia were washed five times with ice-cold
PBS to arrest bead uptake and fixed with 4% PFA. Both the number
of phagocytic microglia and the number of beads uptake per
microglia were determined by fluorescence microscopy.

Cytokine measurement in culture
supernatants

Murine IL-6 and TNF-o were measured in culture supernatants
by ELISA following the manufacturer’s instructions (BD
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Pharmingen). Type I IFN levels were evaluated in culture
supernatants using the reporter cell line B16-Blue ™ IFN-o/f
following the manufacturer’s instructions (InvivoGen). Type I
IFN concentrations were determined using a recombinant murine
IFN-B (R&D Systems) standard curve.

Protein determination by western blot

Microglial cell extracts were obtained by cell lysis at 4°C with
RIPA buffer (10 mM Tris-HCI pH 7,4; 150 mM NaCl; 1% SDS; 1%
sodium deoxycholate, 1% Triton X-100; 5 mM EDTA) plus protease
and phosphatase inhibitors cocktails (Sigma-Aldrich). Cell lysates
were centrifuged at 14,000 rpm for 15 minutes at 4°C and total
protein concentration in extracts was determined by bicinchoninic
acid assay (Pierce) using bovine serum albumin as a standard. Equal
amounts of total protein (25 ng) were loaded onto SDS-PAGE 10%
gel and after electrophoretic separation, proteins were transferred to
a nitrocellulose membrane (Amersham GE Healthcare) for 45
minutes at 250 mA. Membrane was blocked for 1 h with 0.1%
Tween-20 in TBS 1X and incubated later with primary antibodies
anti-iNOS (1:1000 dilution; BD Transduction Laboratories), anti-
STAT1 phosphorylated (Tyr701) or total (1:1000 dilution; Cell
Signaling Technology), anti-ERK1/2 phosphorylated or total
(1:1000 dilution; Santa Cruz Biotechnology), anti-p38
phosphorylated or total (1:1000 dilution; Santa Cruz
Biotechnology) and anti-B-actin (1:4000 dilution; clone AC-15;
Sigma-Aldrich) overnight at 4°C. fB-actin, total p38 and total
Erkl1/2 were used as loading controls. Next, membrane was
washed three times with 0.05% Tween-20 in TBS 1X and
incubated with secondary antibodies anti-rabbit IgG or anti-
mouse IgG conjugate to peroxidase (1:2000 dilution; Santa Cruz
Biotechnology) for 1 h at room temperature. Finally, membrane was
revealed using SuperSignal West Femto Maximum Sensitivity
Substrate (Thermo Scientific) and chemiluminescent signal was

detected by a GeneGnome XRQ System® (Syngene).

Inhibition of NF-xB and MAPK pathways

Microglia cultures were pre-incubated for 1 h at 37°C with
specific inhibitors for NF-xB pathway (BAY 11-7082; 20 uM;
Calbiochem) and the MAPK signaling pathways: ERK1/2
(PD98059; 50 uM; Calbiochem), JNK1/2 (SP600125; 10 uM;
Calbiochem) y p38 (SB203580; 10 uM; Calbiochem) followed by
stimulation with HKBA (1 x 10° bacteria/mL) for 24 or 48 h. Cell
viability after incubation with the inhibitors was evaluated by
trypan blue exclusion, being higher than 95% in all cases. Culture
supernatants were collected to measure NO, type I IFN and TNF-a,
as mentioned before. Cell extracts were obtained to evaluate selected
proteins by Western blot. When indicated, microglia cultures were
also treated with mouse recombinant IFN-f (500, 1000 or 2000 pg/
mL; R&D Systems) and culture supernatants were collected to
measure NO.
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Quantification of p65 nuclear translocation
by confocal microscopy

For subcellular localization analysis of p65 subunit of NF-kB,
microglia cultures (1 x 10° cells seeded in glass coverslips of 12 mm
diameter) were infected with B. abortus S2308 for 24 h in presence
or absence of anti-IFNARI neutralizing antibody or its isotype
control. Cells were washed and fixed with 4% PFA, permeabilized
with 0.125% v/v Triton X-100 in PBS for 20 min and blocked with
5% FBS in PBS. Subsequently, p65 subunit was labeled with an anti-
p65 monoclonal antibody (1:250 dilution; Santa Cruz
Biotechnology) followed by an anti-mouse IgGl conjugated to
Alexa Fluor 546 (1:200 dilution; Life Technologies Inc.).
Microglial cells were labeled with B4-isolectin of Griffonia
simplicifolia (1:500 dilution; Vector Laboratories) followed by
Alexa Fluor 488-labeled streptavidin (1:200 dilution; BioLegend).
For nuclear staining DAPI was used. Images were acquired using an
Olympus FV1000® confocal microscope. CellProfiler® was used to
identify the nuclei and cytoplasmic regions of microglia cells (object
segmentation), to measure the mean fluorescence intensity in each
cell region and to calculate the ratio between these two
compartments for each cell. Four microscopic fields per
duplicates coverslip were analyzed.

RNA-seq differential expression analysis of
public transcriptome datasets

Microglial RNA-seq public datasets PRJEB46781 (n=3 per
group) (13) and GSE75246 (n=5 per group) (14) were
downloaded from the European Nucleotide Archive (ENA) and
Gene Expression Omnibus (GEO) repositories. Transcript
quantification was performed with Kallisto, and gene-level counts
were summarized using tximport with Ensembl annotations
(GRCm38, release 102). Differential expression analysis was
conducted separately for each dataset using DESeq2 R package
(15), comparing GFAP-IFN transgenic mice vs. WT mice and LPS
injected mice vs. vehicle injected mice. Log2 fold change values for
Nos2, Tnf and Statl genes were calculated for each dataset
comparing with its respective control group, and visualized in a
heatmap using pheatmap R package.

Statistical analysis

Experiments were conducted using different primary cultures at
least three times, with similar results. Normal distribution of the
data within each group was assessed by the Shapiro-Wilk test. Two-
way ANOVA followed by the post hoc Tukey test were performed
within experiments of neuronal viability, one-way ANOVA
followed by the post hoc Tukey test were performed in
experiments comparing more than two groups or two-tailed
Student’s t test in experiments comparing two groups; using
GraphPad Prism 8.0 software. Data are shown as mean + SEM
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from a representative experiment of three performed (each
experiment conducted in duplicated).

Results

Brucella abortus infection induces IFN-o/f3
expression in astrocytes and microglia

To investigate whether B. abortus induces type I IFN in glial
cells, astrocytes or microglia were infected with the bacteria for 24 h.
Gene expression of Ifna and Ifnb were measured by RT-qPCR, and
type I IFN levels in culture supernatants were determined using the
reporter cell line B16-Blue' " IFN-oi/ B. Infection of astrocytes
resulted in a significant (p < 0.05) increase in both gene
expression and secreted type I IFN (Figures 1A, B). Likewise,
infection of microglia with B. abortus also induced a significant (p
< 0.005) increase of type I IFN genes expression and secretion
(Figures 1C, D). These findings demonstrate that B. abortus induces
type I IFN expression in glial cells.

A

16+

10.3389/fimmu.2025.1661395

Neutralization of type | IFN signaling
inhibits neuronal death induced by B.
abortus-activated microglia

We have previously shown that B. abortus infection or the
bystander activation of microglia by culture supernatants from B.
abortus-infected astrocytes elicits neuronal death by primary
phagocytosis (7, 8). To determine whether type I IFN signaling
was actually involved in B. abortus-induced neuronal loss we pre-
incubated neurons/microglia co-cultures with anti-interferon-
alpha/beta receptor (IFNAR)1 neutralizing antibodies followed by
either infection of microglia with B. abortus or their activation by
treatment with culture supernatants from B. abortus-infected
astrocytes. Inhibition of type I IFN signaling resulted in complete
abrogation of neuronal death induced by activated microglia.
Isotype control antibody had no effect on primary phagocytosis of
neurons induced by activated microglia (Figures 2A, B).

Our previous results showed that activation of microglia with
heat-killed B. abortus (HKBA) or the prototypical B. abortus
lipoprotein Omp19 (L-Ompl9), which is recognized through
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FIGURE 1

B abortus infection induces IFN-a/p expression in astrocytes and microglia. Cultures of astrocytes (A, B) and microglia (C, D) were infected with
B. abortus (Ba; MOI 100) for 24 h. Gene expression of Ifna and Ifnb were determined by RT-qPCR. Each point (A, C) represents an independent
experiment (mean + SEM). Secretion of type | IFN was evaluated in culture supernatants using the reporter cell line B16-Blue™ IFN-o/B. Data are
shown as mean + SEM from a representative experiment of three performed (B, D). *p < 0.05; **p < 0.005 vs. non-infected (NI) cultures.
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TLR?2, are also capable of inducing neuronal death by phagoptosis,
increasing both NO production and phagocytic activity in microglia
(7). Although, we have previously demonstrated their capacity to
induce several pro-inflammatory cytokines in microglia (11), it has
not been reported if they are able to induce type I IFN production in
these cells. To evaluate this, we determined the production of type I
IFN in microglia treated with HKBA or L-Omp19. In parallel, we
treated microglia cultures with E. coli LPS (TLR4 agonist) as a
control given its widely-described ability to induce type I IFN (16).
Both, L-Omp19 and HKBA were able to induce type I IFN
production in microglia (Figure 2C). U-Omp19, the unlipidated
protein, was unable to induce type I IFN secretion, indicating that

10.3389/fimmu.2025.1661395

acylation of the protein is necessary in this phenomenon. This was
corroborated by stimulation with the lipohexapeptide Pam;Cys
(TLR2 synthetic agonist), which mimics the lipid portion of
bacterial lipoproteins and was also capable of inducing type I IFN
production in microglia (Figure 2C). Finally, we tested whether
neuronal death induced by HKBA or L-Ompl9 in neurons/
microglia co-cultures is also modulated by type I IFN.
Neutralization of IFNAR completely abolished neuronal death
caused by activation of microglia with HKBA or L-Ompl9
(Figures 2D, E), both of them bona fide surrogates of infection
(7). Moreover, this result was also extended to microglia activated
by E. coli LPS (Figure 2F), which was reported to induce
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FIGURE 2

Neutralization of type | IFN signaling inhibits neuronal death induced by B abortus-activated microglia. Neurons/microglia co-cultures were infected
with B abortus (Ba; MOI 100) (A), or treated with culture supernatant (1/2 dilution) from non-infected (NI) or B abortus-infected Ba astrocytes (Astr
SN) (B) in the presence of an anti-IFNAR1 neutralizing antibody (alFNAR; 10 ng/mL) or its isotype control (10ug/ml) for 48 h. Co-cultures were fixed
and labeled with anti-b-Tubulin Ill antibody (neurons) and DAPI (nucleus). The percentage (%) of neuronal density was evaluated by fluorescence
microscopy and was calculated vs. non-infected (NI) or untreated cultures (Control) (A, B). Microglia cultures were treated with unlipidated outer
membrane protein 19 (U-Omp19; 500 ng/mL) or lipidated Omp19 (L-Omp19; 500 ng/mL) from Ba, or with either PamzCys (50 ng/mL), heat-killed
Ba (HKBA; 1 x 108 bacteria/mL), or LPS from E coli (100 ng/mL). Secretion of type | IFN was evaluated in culture supernatants using the reporter cell
line B16-Blue™ IFN-0/B (C). Neurons/microglia co-cultures were treated with HKBA (1 x 108 bacteria/mL) (D), U-Omp19 (500 ng/mL) or L-Omp19
(500 ng/mL) from Ba (E), and with LPS from E. coli (100 ng/mL) (F) in the presence of an anti-IFNAR1 neutralizing antibody (alFNAR; 10 ng/mL) or its
isotype control (10 ug/mL) for 48 (h) Neuronal density was evaluated by immunofluorescence. The percentage (%) of viable and apoptotic neurons
was calculated as in A and B above. Data are shown as mean + SEM from a representative experiment of three performed. *p < 0.05; **p < 0.005;
***p < 0.0005; ****p < 0.0001 vs. NI or Control cultures, except were indicated.

Frontiers in Immunology

06

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1661395
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Rodriguez et al.

phagoptosis of neurons (17). Overall, these results indicate that type
I IFN are indispensable for neuronal phagoptosis to occur.

IFNAR blocking inhibits NO release of
activated microglia, but not its phagocytic
capacity

Neuronal death by primary phagocytosis relies on two
concomitant events: NO secretion (which triggers the exposure of
the “eat-me” signal PS on neurons) and the increased phagocytic
capacity of microglia (7, 8). To investigate if type I IFN is involved
in regulating NO production in B. abortus-activated microglia, we
evaluated the generation of this intermediate by using the Griess
reaction in microglia cultures infected with B. abortus or treated
with culture supernatants from B. abortus-infected astrocytes,
HKBA, L-Ompl9 or LPS in the presence of an anti-IFNARI
neutralizing antibody. Blocking type I IFN signaling resulted in a
complete abrogation of NO release in all the evaluated conditions.
On the contrary, IFNAR neutralization did not modified the
phagocytic capacity of microglia (evaluated as both the number of
phagocytic microglia and the uptake of beads per microglia), nor IL-
6 secretion (Figures 3A-E) which, as we have already demonstrated,
is a key cytokine in modulating the phagocytic capacity of microglia
(8). Isotype control antibody had no effect on any of the observed
phenomena. These results indicate that type I IFN controls NO
release from B. abortus-activated microglia, but it does not modify
its phagocytic activity.

Neutralizing type | IFN signaling in B.
abortus-activated microglia suppresses
iINOS expression through inhibition of
STAT1 expression and phosphorylation

NO is generated in phagocytic cells by a chemical reaction
catalyzed by the enzyme inducible NO synthase (iNOS).
Modulation of the expression of this enzyme, both at the
transcriptional and the post-transcriptional level, represents the
main regulatory mechanism for NO production (18). Therefore, we
investigated if the inhibition in the NO production caused by the
neutralization of IFNAR on microglia is due to variations in the
expression of iNOS. As such, microglia cultures were infected with
B. abortus in the presence or not of IFNARI neutralizing antibody
or its isotype control. At 24 h post-infection, both the Nos2 gene and
protein expression levels of iNOS were evaluated by RT-qPCR and
Western blot, respectively. Blocking of IFNAR in microglia cultures
diminished both the mRNA (Figure 4A) and protein synthesis of
iNOS (Figure 4B). Binding of type I IFN to IFNAR activates the
protein tyrosine kinases Tyk2 y Jakl, which phosphorylate tyrosine
residues in cytoplasmic domains of the receptor. These
phosphorylated sites act as docking points for the binding of
signal transducers and activators of transcription (STAT)
proteins, which in turn are phosphorylated by the protein
tyrosine kinases. Once phosphorylated, these transcription factors
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form dimers that translocate to the cell nucleus, where they regulate
the expression of several genes (19). The formation of different
transcription factor complexes is determined, in part by the number
and isoforms of STAT proteins expressed by a particular cell type.
On one side, the dimerization of phosphorylated STAT1 and
STAT2 recruits to IRF9 transcription factor, composing the
ISGF3 complex that promotes the expression of genes with anti-
viral functions, and which contain in their promoter IFN-
stimulated response elements (ISRE). On the other hand,
homodimers formation of phosphorylated STAT1 translocate to
the nucleus and induce the transcription of genes that contain a
gamma-activated sequence (GAS) in its promoter (20). Since the
iNOS gene promoter contains a GAS sequence (21), we decided to
evaluate the tyrosine phosphorylation of STAT1 in B. abortus-
activated microglia by Western blot. B. abortus infection induces
STATI1 phosphorylation in microglia, which is inhibited by
blocking IFNAR (Figure 4B). Microglia infection not only caused
the phosphorylation of STATI, but also increased protein
expression of STAT1 (Figure 4B), and IFNAR neutralization
decreased STATI expression to similar levels of those observed in
non-infected microglia.

NO production in B. abortus-activated
microglia requires the combined action of
type | IFN, NF-kxB and the MAPK p38 and
ERK1/2 signaling pathways

Our results show that NO production in B. abortus-activated
microglia is regulated by type I IFN that promotes iNOS gene
transcription. Reportedly, studies of signaling pathways and
transcription factors involved in iNOS induction revealed a
marked heterogeneity depending on the cellular type and species
considered (22). It has been shown that iNOS gene promoter
presents binding sites for diverse transcription factors, including
sites for STAT1 binding, as already mentioned above. Among these
transcription factors is NF-kB, which presents multiple binding
sites in the iNOS promoter region. Several studies have shown that
blocking the activation of NF-kB in macrophages results in the
inhibition of iNOS expression (23, 24), indicating a key role of this
transcription factor. On the other hand, studies carried out in
different cell types have also demonstrated the participation of
MAPK signaling pathways, although, cell dependent, with different
results about which of them (ERK1/2, JNK1/2 or p38) are involved
in iNOS induction (25-27). Therefore, to determine the
involvement of NF-kB and the MAPK signaling pathways in the
expression of iNOS in B. abortus-activated microglia, we used
specific inhibitors and evaluated NO production by Griess
reaction and iNOS expression by Western blot, respectively. The
inhibition of NF-xB (using BAY 11-7082) (Figure 5A) or p38 (using
SB203580) (Figure 5B) completely abrogated NO production in B.
abortus-activated microglia. Inhibition of ERK1/2 (using PD98059)
had a partial effect on NO production, whereas inhibition of JNK1/2
(using SP600125) did not affect its production (Figure 5B); which
correlate with the inhibition of iNOS protein expression by Western
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IFNAR neutralization inhibits nitric oxide (NO) release of activated microglia, but not its phagocytic capacity. Microglia cultures were infected with B
abortus (Ba; MOI 100) (A), or treated with culture supernatant (1/2 dilution) from non-infected (NI) or Ba-infected (Ba) astrocytes (Astr SN) (B), with
heat-killed Ba (HKBA; 1 x 10 bacteria/mL) (C), unlipidated outer membrane protein 19 (U-Omp19; 500 ng/mL) or lipidated Omp19 (L-Omp19; 500
ng/mL) from Ba (D), and with LPS from E coli (100 ng/mL) (E) in the presence of an IFNAR1 neutralizing antibody (alFNAR; 10 ug/mL) or its isotype
control (10 ug/mL) for 48 h NO release was evaluated in culture supernatants by Griess reaction. Microglial phagocytic activity was determined
through a phagocytosis assay with fluorescent microbeads, and visualized by Gene expression of Nos2 was analyzed by RT-qPCR. Fluorescence
microscopy. We determined both the number of phagocytic microglia and the number of beads taken per microglia. IL-6 secretion was measured in
culture supernatant by ELISA. Data are shown as mean + SEM from a representative experiment of three performed. *p < 0.05; **p < 0.005; ***p <
0.0005; ****p < 0.0001 vs. non-infected (NI) or untreated cultures (Control), except were indicated. Non-significant (ns).
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FIGURE 4

IFNAR neutralization in B abortus-activated microglia suppresses iNOS expression through inhibition of STAT1 expression and phosphorylation.
Microglia cultures were infected with B abortus (Ba; MOI 100) in the presence of IFNARL neutralizing antibody (alFNAR; 10 ug/mL) or its isotype
control (10 ug/mL) for 24 h. Gene expression of Nos2 was analyzed by RT-qPCR. Data are shown from three independent experiments as mean +
SEM (A). iNOS, total and phosphorylated STAT1a/p protein expressions were evaluated by Western blot. B-actin was used as a loading control. Data
shown are from a representative experiment of three performed (B). ***p < 0.0005; ****p < 0.0001 vs. non-infected (NI) cultures, except where

indicated. Non-significant (ns).

blot (Figure 5C). These results, together with the ones obtained in
Figure 4, indicate that type I IFN signaling, NF-«xB, p38 and ERK1/2
are necessary to induce NO production in B. abortus-activated
microglia, since selective inhibition of either of them is sufficient to
affect NO production.

Next, we sought to investigate how these factors participate in
the induction of iNOS. First, we evaluated if neutralization of type I
IFN signaling affects NF-kB or ERK1/2 and p38 activation in B.
abortus-activated microglia. For this, microglia cultures were
infected with B. abortus in the presence or not of IFNARI
neutralizing antibody or its isotype control, and the activation of
these pathways was evaluated. We measured TNF-o in culture
supernatants as an indicator of NF-«B activation, since the
expression of this cytokine depends exclusively on its activation
(28). Neutralization of type I IFN signaling did not modify TNF-o.
secretion, indicating that NF-xB activation is not affected by this
pathway (Figure 6A). To confirm that IFNAR blocking did not
influence NF-xB activation, we evaluated the nuclear translocation
of p65 subunit of NF-xB. Corroborating the previous result,
inhibition of type I IFN signaling did not affect nuclear
translocation of p65 (Figure 6B). On the other hand, we
investigated the activation of ERK1/2 and p38 evaluating their
phosphorylation by Western blot. Activation of microglia with
Brucella induced ERK1/2 and p38 phosphorylation, which was
not affected by IFNAR neutralization (Figure 6C). Hence, type I
IFN did not influence NF-xB nor ERK1/2 and p38 activation in B.
abortus-activated microglia, indicating that in the production of
NO, type I IFN act independently or subsequently to NF-xB and
MAPK activation. Thus, we next evaluated if blocking NF-xB,
ERK1/2 or p38 activation in B. abortus-activated microglia affects
type I IFN production using the reporter cell line B16-Blue' " IFN-
o./B. Inhibition of NF-kB activation with BAY 11-7082 significantly
(p < 0.05) decreased type I IFN secretion in B. abortus-activated
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microglia (Figure 6D), although it did not abrogate its production.
As expected, the presence of BAY 11-7082 blocked TNF-o
secretion as induced by the bacterium (Figure 6E). On the other
hand, ERK1/2 inhibition also caused a partial and significant (p <
0.05) decreased in type I IFN levels, whereas p38 inhibition
completely blocked type I IFN secretion (p < 0.0005) (Figure 6F).
As expected, JNK inhibition did not affect type I IFN secretion
(Figure 6F). The inhibition of these MAPK did not modify TNF-o
secretion (Figure 6G), indicating that they are not involved in NF-
KB activation. Considering these results, we decided to evaluate if
stimulation of microglia with type I IFN alone is sufficient to induce
NO production. For this, microglia cultures were treated with
increasing concentrations of recombinant mouse [FN-f3 - starting
at a concentration similar to the one secreted by B. abortus-infected
microglia (Figure 1) - and NO production was measured by the
Griess reaction. We observed that none of the concentrations of
IFN-B tested was sufficient by themselves to induce NO production
(Figure 7A). Moreover, restitution of IFN-f to B. abortus-activated
microglia in the presence of BAY 11-7082 failed to induce NO
production, indicating that NF-xB activation is essential for iNOS
expression independently of its effect in type I IFN production
(Figure 7B). In contrast, the addition of recombinant IFN-3 to B.
abortus-activated microglia in the presence of ERK1/2 or p38
inhibitors restores NO production induced by the bacterium
(Figure 7B). This result indicates that inhibition of NO
production by ERK1/2 or p38 blocking occurs because there is a
decrease in type I IFN production, although NF-«B is still activated
in B. abortus-activated microglia. Overall, our findings suggest a
combined action of transcription factors NF-xB and STAT1, which
bind to specific sites in the iNOS gene promoter to activate its
transcription. Transcriptomic analysis of available RNA-seq
datasets supports our results. We analyzed microglial gene

expression in available transcriptomic datasets from a chronic
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Inhibition of NF-xB, ERK1/2 and p38 affects NO production in B abortus-activated microglia. Microglia cultures were pre-incubated during 1 h with
NF-kB inhibitor, BAY 11-7082 (BAY; 20 uM) (A) or with inhibitors for each one of the MAPK signaling pathways: PD98059 (PD; 50 uM; ERK1/2
inhibitor), SP600125 (SP; 10 uM; IJNK1/2 inhibitor) or SB203580 (SB; 10 uM; p38 inhibitor) (B) and then infected with B abortus (Ba; MOI 100) for 48 h
(A, B) or 24 h (C) in the presence of each inhibitor. NO production was evaluated in culture supernatants by Griess reaction. Data are shown as
mean + SEM from a representative experiment of three performed (A, B). iINOS expression was evaluated by Western blot. B-actin was used as a
loading control. Data shown are from a representative experiment of three performed (C). *p < 0.05; **p < 0.005; ***p < 0.0005 vs. non-infected

cultures (NI), except where indicated.

mouse model of IFN-o. overexpression in astrocytes (13) and from a
neuroinflammatory mouse model induced by intraperitoneal
injection of LPS (14), and evaluated the expression of Nos2, Tnf
and Statl genes. In agreement with our results, fully transcriptional
activation of Nos2 (the gene that encodes the iNOS enzyme)
required both NF-kB activation (reflected as an increase in Tnf
expression) and type I IFN signaling (shown by the increase in Stat1
expression) as occurs after stimulation with LPS, a TLR4 agonist
that is widely demonstrated that induce activation of both pathways
(16, 29) (Figure 7C). On the contrary, overexpression of IFN-a.
induced a significant increase in STAT1 expression, but a weak
Nos2 gene expression as this model only presents a modest increase
in Tnf expression, indicating that it lacks a strong activator of NF-
KB transcription factor (Figure 7C). Besides, our results indicate a
cooperative action of NF-kB, ERK1/2 and p38 on type I IFN
production in B. abortus-activated microglia as depicted in Figure 8.
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Discussion

Neuronal death by primary phagocytosis implies not only an
increase in the phagocytic capacity of microglia, but also an increase
in NO production (7, 8, 17). How this refined mechanism is
regulated is not completely understood. Our previous work
demonstrated that IL-6 is involved in regulating microglial
phagocytic activity (8). Results presented in this manuscript
demonstrate that type I IFN is involved in regulating NO
production in B. abortus-activated microglia. IFNAR
neutralization was sufficient to completely inhibit neuronal death
induced by B. abortus-infected microglia or microglia activated in a
paracrine way by infected astrocytes. A recent study has identified a
population of microglia that responds to type I IFN in the
developing somatosensory cortex of mice, which is involved in
the phagocytosis of neurons (30). Interestingly, this work
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Type | IFN signaling do not modulate NF-kB, ERK1/2 nor p38 activation, but NF-xB, ERK1/2 and p38 inhibition decrease type | IFN production in B
abortus-activated microglia. Microglia cultures were infected with B abortus (Ba; MOI 100) in presence of IFNAR1 neutralizing antibody (alFNAR; 10
ug/mL) or its isotype control (10 ug/mL) for 24 h TNF-a secretion was measured in culture supernatants by ELISA (A). Cells were fixed and labeled
with anti-p65 monoclonal antibody (Red). Microglial cells were labeled with B4-isolectin (Green). For nuclear staining DAPI was used (Blue). p65
nuclear translocation was determined by confocal microscopy and analyzed by quantification of the ratio of mean fluorescence intensity for p65
staining between nucleus and cytoplasm regions for cells in each condition. Representative images are shown. Scale bar: 5 um (B). Total and
phosphorylated ERK1/2 and p38 were evaluated by Western blot (C). Microglia cultures were pre-incubated for 1 h with BAY 11-7082 (BAY; 20 uM;
NF-xB inhibitor), PD98059 (PD; 50 uM; ERK1/2 inhibitor), SP600125 (SP; 10 uM; JNK1/2 inhibitor) or SB203580 (SB; 10 uM; p38 inhibitor) and then
infected with B abortus (Ba; MOI 100) for 48 h in the presence of the inhibitor. Type | IFN production was measured in culture supernatants using
the reporter cells B16-Blue™ IFN-0/B (D, F), and TNF-a secretion by ELISA (E, G). Data are shown as mean + SEM from a representative experiment
of three performed. *p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001 vs. non-infected (NI), except where indicated. Non-significant (ns)

demonstrates that mice deficient in IFNAR present an
accumulation of cortical neurons with breaks in double-stranded
DNA, an indicator of cellular stress or damage, while they do not
show changes in the number of TUNEL" neurons, a marker of
terminal DNA damage that leads to apoptosis (30), suggesting that

Frontiers in Immunology

11

this type I IFN-responding microglia are phagocytosing live (but
stressed) neuron. Several congenital and acquired diseases with
chronic production of type I IFN, collectively named type I
interferonopathies, present neurological symptoms (31, 32). Also,
type I IFN have been involved in the pathogenesis of
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NO production by B abortus-activated microglia requires type | IFN signaling and NF-xB activation. Microglia cultures were infected with B abortus
(Ba; MOI 100) or increasing concentrations of recombinant IFN-f (rIFN-f) for 48 h, and the NO production was evaluated in culture supernatants by
Griess reaction (A). Microglia cultures were pre-incubated for 1 h with BAY 11-7082 (BAY; 20 uM; NF-«B inhibitor), PD98059 (PD; 50 uM; ERK1/2
inhibitor) or SB203580 (SB; 10 uM; p38 inhibitor) and then infected with B abortus (Ba; MOI 100) in the presence of the inhibitor plus the addition or
not of recombinant IFN-B (rIFN-B; 500 pg/mL) for 48 h. NO was determined in culture supernatants by Griess reaction (B). Heatmap from public
transcriptomic data showing the differential expression of Nos2, Tnf and Statl genes in microglia from GFAP-IFN transgenic mice (PRJEB46781) and
systemically LPS injected mice (GSE75246). Log2 fold change in gene expression are shown for GFAP-IFN transgenic mice and LPS injected mice
compared with WT mice and vehicle injected mice, respectively (C). Data are shown as mean + SEM from a representative experiment of three
performed. **p < 0.005; ***p < 0.0005; ****p < 0.0001 vs. non-infected (NI) cultures, except where indicated.

neurodegenerative diseases as Alzheimer’s disease (33, 34) and
prion disease (35). In vitro studies have demonstrated that
microglia have a more pronounced response to type I IFN in
comparison to astrocytes and neurons, indicating that microglia
are the main cell type responding to type I IEN in the CNS (36, 37).
Of note, it has been identified by single cell RNA-seq an increase in
the population of microglia that responds to type I IFN in animal
models of viral infections, cerebral tumors, Alzheimer’s disease,
transient ischemia and demyelinating lesions, suggesting that type I
IFN responses are present in several neuropathological states (30).
Clinical evidences, in lupus patients, with elevated type I IFN in
serum (38), and in patients that receive treatment for chronic
hepatitis C infections and cancer (39, 40), show that peripheral
IFN-o. produce CNS alterations. Currently, the molecular
mechanisms triggered by type I IFN and that drive CNS
manifestations are motive of extensive research.
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Our results demonstrate that IFNAR neutralization completely
suppress NO production in B. abortus-activated microglia,
assigning to type I IFN a key role in the production of this
mediator. However, IFNAR neutralization did not affect
phagocytic activity of microglia. This goes along with a report in
an in vivo murine model of Alzheimer’s disease instead where
IFNARI neutralization decreased neuronal synaptic loss, but did
not modify the number of B-amyloid plaques accumulated in the
brain (41). Moreover, IFNAR neutralization did not change the
number of B-amyloid fibers phagocytosed by microglia or the
expression of the lysosomal marker CD68 (used as a phagocytic
marker) (41). Our results also indicate that type I IFN signaling
neutralization did not affect IL-6 secretion and the phagocytic
capacity of microglia; confirming that phagocytosis and NO
production are independently regulated in B. abortus-
activated microglia.
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Modulation of B abortus-induced NO production in microglia by type | IFN. (A) L-Omp19 of B abortus is recognized by TLR2 (1), activating, on one
hand, NF-kB transcription factor and on the other p38 and ERK1/2 MAPK that would lead to the activation of AP-1 transcription factor (48). Both
activated factors translocate to the nucleus where they bind to IFN-o and IFN-B gene promoters, inducing their transcription. On the other hand,
NF-xB also binds to the INOS gene promoter, but is not enough to activate its transcription (2). (B) Once synthetized and secreted to the
extracellular space, type | IFN bind to IFNAR and would activate Tyk2 and Jakl tyrosine kinases (19), which phosphorylate STAT1 (3). Phosphorylated
STAT1 form dimers and translocate to the nucleus where it binds to GAS sequences in the iINOS gene promoter (21). The combine action of NF-«xB
and STAT1 in the INOS promoter activates the transcription of this gene (4). Expression of the iNOS enzyme produces NO, which is liberated by the
microglia (5). Figure was created using images from Servier Medical Art, licensed under Creative Commons Attribution CC BY 4.0.

NO production in cells is tightly regulated. In comparison to
oxygen reactive species that are generated very fast through the
assembly of pre-formed subunits of the NADPH oxidase enzymatic
complex, NO production is more slowly since cells in basal states do
not express iNOS (22). In fact, previous results from our group
regarding NO production kinetics in B. abortus-infected microglia
show a significant increase in NO secretion not before 24 h post-
infection (7). Regulation of NO production is very important since
it was shown in diverse tissues that dysfunctional production of
nitrogen reactive species might contribute to different
physiopathological effects caused by damage of proteins, lipids
and nucleic acids by nitration (42). Diverse studies have shown
that the pathways inducing iNOS expression might vary among
different cells or species. Activation of NF-kB and STATI1
transcription factors, and its concerted binding on the iNOS
promoter seems to be an essential step for iNOS induction in the
majority of cells (22). Results obtained here indicate that IFNAR
neutralization decrease iNOS gene transcription, and therefore
protein expression of iNOS in activated microglia. As already
mentioned, IFNAR is a receptor associated to protein tyrosine
kinases. Interestingly, it has been described inhibition of NO
production induced by LPS from E. coli in microglia treated with
tyrosine kinases inhibitors, although the identity of such kinases
was not investigated (43). Considering our results, we can speculate
that NO inhibition observed after treatment with these inhibitors
possibly occurs by inhibition of the Jakl and Tyk2 tyrosine kinases
associated to IFNAR, which thereby suppress the phosphorylation
and activation of STATI1. B. abortus-activated microglia increase
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both expression and phosphorylation of STAT1, which is inhibited
by neutralization of IFNAR. This correlates with previous
observations which shown that B. abortus induce STATI
phosphorylation dependent on type I IFN signaling in bone
marrow-derived macrophages (44). Our results indicate that
STATI1 phosphorylation induced by IFNAR activation in
microglia is a key event in iNOS expression, and therefore in the
subsequent NO production, which is consistent with results
reported by others (45, 46). It has been described that STAT1 has
a central role in iNOS gene induction by direct binding to its
promoter in GAS sequences, or indirectly by inducing IRF-1
expression which also possess binding sites in the iNOS promoter
(22). In fact, mixed glial cell cultures from mice deficient in IRF-1
show a partial decrease in iNOS gene transcription and NO
production induced by LPS (47). This same study indicates that
NF-xB inhibition reduce iINOS mRNA levels as well NO production
to basal levels (47). This observation agrees with our results, which
also assigned a critical role for NF-«B transcription factor on iNOS
expression in glial cells.

TLR activation with different pathogen-associated molecular
patterns not only engages the NF-xB canonic signaling pathway,
but also MAPK signaling pathways (48). Both signaling pathways
act in a concerted way to induce gene transcription of cytokines
needed to promote an immune response. Previous results from our
group demonstrated that B. abortus is able to activate ERK1/2 and
p38 in astrocytes (49). Results presented here indicate that
activation of microglia with B. abortus induce ERK1/2 and p38
phosphorylation, adding new evidence of MAPK activation induced
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by Brucella in another cell type of the CNS. Although MAPK have
been involved in NO production in various cell types (25-27), their
mechanistic action has not been fully elucidated; with different
outcomes being cell-type dependent. Our results describe a
comprehensive role of the MAPK in iNOS regulation in B.
abortus-activated microglia. ERK1/2 and p38 MAPK inhibition of
B. abortus-activated microglia significantly decreases type I IFN
secretion. Moreover, the exogenous addition of recombinant IFN-8
to culture medium restores NO production inhibited by both
PD98059 and SB203580 MAPK inhibitors, confirming that the
role of ERK1/2 and p38 in NO production is to enhance type I
IFN production in microglia. Our results demonstrate that p38 has
a key role in type I IFN in B. abortus-activated microglia. This effect
was also observed in human blood monocyte-derived macrophages,
where p38 inhibition, but not JNK, decreases IFN-f} expression in
response to Listeria monocytogenes infection (50). Different authors
have reported a complex role of MAPK in type I IEN regulation in
macrophages, with both positive and negative effects depending on
the context. In particular, it has been demonstrated that p38
through MSK1 and MSK2 kinases caused inhibition of IFN-§
gene transcription, whereas via MK2 and TTP promote mRNA
stability and/or translation (51). We did not observe differences in
the production of TNF-a by B. abortus-activated microglia in the
presence or absence of MAPK inhibitors, at least when added
individually, and in this regard agreeing with results observed
elsewhere in glial cells (52). This indicates that NF-kB and MAPK
activation in microglia occurs independently, in contrast to the
TNF-o decrease observed in B. abortus-activated astrocytes after
treatment with MAPK inhibitors (49). Altogether, our results are in
agreement with the notion that type I IFN production is tightly
regulated and only takes place after the binding of various
transcription factors to specific regulatory regions on its gene
promoter. The ifnb promoter has four positive regulatory
domains with binding sites to NF-xB, IRF3, IRF7 and AP-1
complex that comprises activating transcription factor 2 and c-
Jun (53). The importance of each transcription factor in IFN-8
induction depends on the context and cell type. For example, in
murine embryonic fibroblasts the activation rate of NF-xB is
limiting for ifnb gene transcription only when IRF3 activation is
low (54).

Finally, our results report for the first time the ability of L-Omp19
to induce type I IFN secretion, providing new evidence of a TLR2
ligand of Brucella that is involved in type I IEN induction. Recent
studies have shown that TLR2, similarly to what has been described for
TLR4, may be internalized and transported to endolysosomal
compartments where it activates IRF7 through adaptor proteins
MyD88 and TRAM, inducing type I IEN expression (55, 56).

The diversity of reported signaling pathways and transcription
factors involved in iNOS induction is related not only to differences in
cell type and species used for investigation, but also because many of
these studies were conducted using single pathogen-associated
molecular patterns (usually LPS) with the addition or not of a single
cytokine (IFN o/f or IFNY), or its neutralizing antibody (45, 52, 57, 58).
Our work adds a more comprehensive view of the way in which the
production of NO is regulated in the course of an infectious event,

Frontiers in Immunology

10.3389/fimmu.2025.1661395

describing a complex mechanism whereby a cooperative action of NF-
kB, ERK1/2 and p38 must take place for type I IFN production in B.
abortus-activated microglia. As a result of this production IFNAR
signaling induces the activation of STAT-1 which acts in concert with
NF-xB to induce iNOS expression and NO production (Figure 8),
leading to neuronal death by activated microglia. Given the potential of
MAPK inhibitors in anti-inflammatory cerebral treatments (59), our
findings suggest that blocking these molecules could limit type I IFN
secretion, offering a possible pharmaceutical approach to mitigate
neurobrucellosis-related complications.

Limitations of the study

This paper has the following general limitations: the
experiments were done with mouse cells, so we do not know if
the results will extrapolate to humans and human disease. The
results were obtained in in vitro primary co-cultures of neurons and
microglia and we do not know if they are extrapolable to in
vivo situations.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by Ethics Committee of Care
and Use of Laboratory Animals of the School of Medicine,
University of Buenos Aires (Protocol #181/2020). The study was
conducted in accordance with the local legislation and

institutional requirements.

Author contributions

JR: Writing - review & editing, Supervision, Writing — original
draft, Methodology, Formal Analysis, Investigation. AG:
Methodology, Investigation, Writing - review & editing. IM:
Investigation, Software, Writing - review & editing, Formal
Analysis. VD: Writing - review & editing, Formal Analysis,
Funding acquisition. AR: Conceptualization, Formal Analysis,
Supervision, Writing — review & editing, Writing — original draft,
Funding acquisition. GG: Conceptualization, Funding acquisition,
Supervision, Writing — review & editing, Writing — original draft.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This research was funded
by grants from the Agencia Nacional de Promocion Cientifica y

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1661395
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Rodriguez et al.

Tecnologica (ANPCYT-Argentina) (PICT 2019-1178, GRF-TII
2021-00218), and by NSF-HBCU-RISE (HRD-1646729) grant.

Acknowledgments

We thank the staff of the INBIRS (School of Medicine,
University of Buenos Aires) for allowing us to use the biosafety
level 3 laboratory facilities. AR and GG are members of the
Research Career of CONICET (Argentina). JR and IM are
recipients of fellowships from CONICET (Argentina). AG are
recipient of a fellowship from ANPCYT (Argentina).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. Giambartolomei GH, Wallach JC, Baldi PC. Neurobrucellosis. Encephalitis:
Diagnosis Treat. (2008) 14:255-72.

2. McLean DR, Russell N, Khan MY. Neurobrucellosis: clinical and therapeutic
features. Clin Infect diseases: an Off Publ Infect Dis Soc America. (1992) 15:582-90.
doi: 10.1093/clind/15.4.582

3. Pappas G, Akritidis N, Bosilkovski M, Tsianos E. Brucellosis. N Engl ] Med. (2005)
352:2325-36. doi: 10.1056/NEJMra050570

4. Martinez-Chamorro E, Munoz A, Esparza J, Munoz MJ, Giangaspro E. Focal
cerebral involvement by neurobrucellosis: pathological and MRI findings. Eur |
radiology. (2002) 43:28-30. doi: 10.1016/S0720-048X(01)00390-4

5. Habeeb YK, Al-Najdi AK, Sadek SA, Al-Onaizi E. Paediatric neurobrucellosis:
case report and literature review. J Infect. (1998) 37:59-62. doi: 10.1016/S0163-4453(98)
90647-8

6. Shehata GA, Abdel-Baky L, Rashed H, Elamin H. Neuropsychiatric evaluation of
patients with brucellosis. J Neurovirol. (2010) 16:48-55. doi: 10.3109/
13550280903586386

7. Rodriguez AM, Delpino MV, Miraglia MC, Costa Franco MM, Barrionuevo P,
Dennis VA, et al. Brucella abortus-activated microglia induce neuronal death through
primary phagocytosis. Glia. (2017) 65:1137-51. doi: 10.1002/glia.23149

8. Rodriguez J, De Santis Arevalo J, Dennis VA, Rodriguez AM, Giambartolomei
GH. Bystander activation of microglia by Brucella abortus-infected astrocytes induces
neuronal death via IL-6 trans-signaling. Front Immunol. (2024) 14:1343503.
doi: 10.3389/fimmu.2023.1343503

9. West PK, Viengkhou B, Campbell IL, Hofer MJ. Microglia responses to
interleukin-6 and type I interferons in neuroinflammatory disease. Glia. (2019)
67:1821-41. doi: 10.1002/glia.23634

10. Mancuso G, Midiri A, Biondo C, Beninati C, Zummo S, Galbo R, et al. Type I
IFN signaling is crucial for host resistance against different species of pathogenic
bacteria. ] Immunol. (2007) 178:3126-33. doi: 10.4049/jimmunol.178.5.3126

11. Garcia Samartino C, Delpino MV, Pott Godoy C, Di Genaro MS, Pasquevich
KA, Zwerdling A, et al. Brucella abortus induces the secretion of proinflammatory
mediators from glial cells leading to astrocyte apoptosis. Am J Pathol. (2010) 176:1323—
38. doi: 10.2353/ajpath.2010.090503

12. Giambartolomei GH, Zwerdling A, Cassataro J, Bruno L, Fossati CA, Philipp
MT. Lipoproteins, not lipopolysaccharide, are the key mediators of the
proinflammatory response elicited by heat-killed Brucella abortus. J Immunol. (2004)
173:4635-42. doi: 10.4049/jimmunol.173.7.4635

13. West PK, McCorkindale AN, Guennewig B, Ashhurst TM, Viengkhou B, Hayashida
E, et al. The cytokines interleukin-6 and interferon-alpha induce distinct microglia
phenotypes. ] neuroinflammation. (2022) 19:96. doi: 10.1186/s12974-022-02441-x

14. Srinivasan K, Friedman BA, Larson JL, Lauffer BE, Goldstein LD, Appling LL,
et al. Untangling the brain’s neuroinflammatory and neurodegenerative transcriptional
responses. Nat Commun. (2016) 7:11295. doi: 10.1038/ncomms11295

Frontiers in Immunology

15

10.3389/fimmu.2025.1661395

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

15. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. (2014) 15:550.
doi: 10.1186/s13059-014-0550-8

16. Kagan JC, Su T, Horng T, Chow A, Akira S, Medzhitov R. TRAM couples
endocytosis of Toll-like receptor 4 to the induction of interferon-beta. Nat Immunol.
(2008) 9:361-8. doi: 10.1038/ni1569

17. Neher JJ, Neniskyte U, Zhao JW, Bal-Price A, Tolkovsky AM, Brown GC.
Inhibition of microglial phagocytosis is sufficient to prevent inflammatory neuronal
death. J Immunol. (2011) 186:4973-83. doi: 10.4049/jimmunol.1003600

18. Pautz A, Art ], Hahn S, Nowag S, Voss C, Kleinert H. Regulation of the
expression of inducible nitric oxide synthase. Nitric oxide: Biol Chem. (2010) 23:75-93.
doi: 10.1016/j.niox.2010.04.007

19. Kalliolias GD, Ivashkiv LB. Overview of the biology of type I interferons.
Arthritis Res Ther. (2010) 12 Suppl 1:S1. doi: 10.1186/ar2881

20. Platanias LC. Mechanisms of type-I- and type-Il-interferon-mediated signalling.
Nat Rev Immunol. (2005) 5:375-86. doi: 10.1038/nri1604

21. Gao J, Morrison DC, Parmely TJ, Russell SW, Murphy WJ. An interferon-
gamma-activated site (GAS) is necessary for full expression of the mouse iNOS gene in
response to interferon-gamma and lipopolysaccharide. J Biol Chem. (1997) 272:1226—
30. doi: 10.1074/jbc.272.2.1226

22. Kleinert H, Schwarz PM, Forstermann U. Regulation of the expression of inducible
nitric oxide synthase. Biol Chem. (2003) 384:1343-64. doi: 10.1515/BC.2003.152

23. Kim YH, Choi KH, Park JW, Kwon TK. LY294002 inhibits LPS-induced NO
production through a inhibition of NF-kappaB activation: independent mechanism of
phosphatidylinositol 3-kinase. Immunol letters. (2005) 99:45-50. doi: 10.1016/
j.imlet.2004.12.007

24. Zheng H, Yu X, Collin-Osdoby P, Osdoby P. RANKL stimulates inducible nitric-
oxide synthase expression and nitric oxide production in developing osteoclasts. An
autocrine negative feedback mechanism triggered by RANKL-induced interferon-beta
via NF-kappaB that restrains osteoclastogenesis and bone resorption. . J Biol Chem.
(2006) 281:15809-20. doi: 10.1074/jbc.M513225200

25. Chen C, Chen YH, Lin WW. Involvement of p38 mitogen-activated protein
kinase in lipopolysaccharide-induced iNOS and COX-2 expression in J774
macrophages. Immunology. (1999) 97:124-9. doi: 10.1046/j.1365-2567.1999.00747 x

26. LaPointe MC, Isenovic E. Interleukin-1beta regulation of inducible nitric oxide
synthase and cyclooxygenase-2 involves the p42/44 and p38 MAPK signaling pathways
in cardiac myocytes. Hypertension. (1999) 33:276-82. doi: 10.1161/01.HYP.33.1.276

27. Nishiki Y, Adewola A, Hatanaka M, Templin AT, Maier B, Mirmira RG.
Translational control of inducible nitric oxide synthase by p38 MAPK in islet beta-
cells. Mol endocrinology. (2013) 27:336-49. doi: 10.1210/me.2012-1230

28. Liu H, Sidiropoulos P, Song G, Pagliari L], Birrer MJ, Stein B, et al. TNF-alpha
gene expression in macrophages: regulation by NF-kappa B is independent of c-Jun or
C/EBP beta. ] Immunol. (2000) 164:4277-85. doi: 10.4049/jimmunol.164.8.4277

frontiersin.org


https://doi.org/10.1093/clind/15.4.582
https://doi.org/10.1056/NEJMra050570
https://doi.org/10.1016/S0720-048X(01)00390-4
https://doi.org/10.1016/S0163-4453(98)90647-8
https://doi.org/10.1016/S0163-4453(98)90647-8
https://doi.org/10.3109/13550280903586386
https://doi.org/10.3109/13550280903586386
https://doi.org/10.1002/glia.23149
https://doi.org/10.3389/fimmu.2023.1343503
https://doi.org/10.1002/glia.23634
https://doi.org/10.4049/jimmunol.178.5.3126
https://doi.org/10.2353/ajpath.2010.090503
https://doi.org/10.4049/jimmunol.173.7.4635
https://doi.org/10.1186/s12974-022-02441-x
https://doi.org/10.1038/ncomms11295
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/ni1569
https://doi.org/10.4049/jimmunol.1003600
https://doi.org/10.1016/j.niox.2010.04.007
https://doi.org/10.1186/ar2881
https://doi.org/10.1038/nri1604
https://doi.org/10.1074/jbc.272.2.1226
https://doi.org/10.1515/BC.2003.152
https://doi.org/10.1016/j.imlet.2004.12.007
https://doi.org/10.1016/j.imlet.2004.12.007
https://doi.org/10.1074/jbc.M513225200
https://doi.org/10.1046/j.1365-2567.1999.00747.x
https://doi.org/10.1161/01.HYP.33.1.276
https://doi.org/10.1210/me.2012-1230
https://doi.org/10.4049/jimmunol.164.8.4277
https://doi.org/10.3389/fimmu.2025.1661395
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Rodriguez et al.

29. Andreakos E, Sacre SM, Smith C, Lundberg A, Kiriakidis S, Stonehouse T, et al.
Distinct pathways of LPS-induced NF-kappa B activation and cytokine production in
human myeloid and nonmyeloid cells defined by selective utilization of MyD88 and
Mal/TIRAP. Blood. (2004) 103:2229-37. doi: 10.1182/blood-2003-04-1356

30. Escoubas CC, Dorman LC, Nguyen PT, Lagares-Linares C, Nakajo H, Anderson
SR, et al. Type-I-interferon-responsive microglia shape cortical development and
behavior. Cell. (2024) 187:1936-54 e24. doi: 10.1016/j.cell.2024.02.020

31. Crow Y]J. Type I interferonopathies: a novel set of inborn errors of immunity.
Ann New York Acad Sci. (2011) 1238:91-8. doi: 10.1111/j.1749-6632.2011.06220.x

32. AicardiJ. Aicardi-Goutieres syndrome: special type early-onset encephalopathy.
Eur ] paediatric neurology: EJPN: Off ] Eur Paediatric Neurol Society. (2002) 6 Suppl A:
A1-7. doi: 10.1053/ejpn.2002.0567

33. Taylor JM, Minter MR, Newman AG, Zhang M, Adlard PA, Crack PJ. Type-1
interferon signaling mediates neuro-inflammatory events in models of Alzheimer’s
disease. Neurobiol aging. (2014) 35:1012-23. doi: 10.1016/j.neurobiolaging.2013.10.089

34. Minter MR, Moore Z, Zhang M, Brody KM, Jones NC, Shultz SR, et al. Deletion
of the type-1 interferon receptor in APPSWE/PS1DeltaE9 mice preserves cognitive
function and alters glial phenotype. Acta neuropathologica Commun. (2016) 4:72.
doi: 10.1186/s40478-016-0341-4

35. Nazmi A, Field RH, Griffin EW, Haugh O, Hennessy E, Cox D, et al. Chronic
neurodegeneration induces type I interferon synthesis via STING, shaping microglial
phenotype and accelerating disease progression. Glia. (2019) 67:1254-76. doi: 10.1002/
glia 23592

36. Li W, Viengkhou B, Denyer G, West PK, Campbell IL, Hofer MJ. Microglia have
a more extensive and divergent response to interferon-alpha compared with astrocytes.
Glia. (2018) 66:2058-78. doi: 10.1002/glia.23460

37. WangJ, Campbell IL. Innate STAT1-dependent genomic response of neurons to
the antiviral cytokine alpha interferon. J virology. (2005) 79:8295-302. doi: 10.1128/
JV1.79.13.8295-8302.2005

38. Popescu A, Kao AH. Neuropsychiatric systemic lupus erythematosus. Curr
neuropharmacology. (2011) 9:449-57. doi: 10.2174/157015911796557984

39. Lieb K, Engelbrecht MA, Gut O, Fiebich BL, Bauer J, Janssen G, et al. Cognitive
impairment in patients with chronic hepatitis treated with interferon alpha (IFNalpha):
results from a prospective study. Eur psychiatry: J Assoc Eur Psychiatrists. (2006)
21:204-10. doi: 10.1016/j.eurpsy.2004.09.030

40. Valentine AD, Meyers CA, Kling MA, Richelson E, Hauser P. Mood and
cognitive side effects of interferon-alpha therapy. Semin Oncol. (1998) 25:39-47.

41. Roy ER, Chiu G, Li S, Propson NE, Kanchi R, Wang B, et al. Concerted type I
interferon signaling in microglia and neural cells promotes memory impairment
associated with amyloid beta plaques. Immunity. (2022) 55:879-94 e6. doi: 10.1016/
jimmuni.2022.03.018

42. Pérez de la Lastra JM, Juan CA, Plou FJ, Pérez-Lebefia E. The nitration of
proteins, lipids and DNA by peroxynitrite derivatives-chemistry involved and
biological relevance. Stresses. (2022) 2:53-64. doi: 10.3390/stresses2010005

43. Kong LY, McMillian MK, Maronpot R, Hong JS. Protein tyrosine kinase
inhibitors suppress the production of nitric oxide in mixed glia, microglia-enriched
or astrocyte-enriched cultures. Brain Res. (1996) 729:102-9. doi: 10.1016/0006-8993
(96)00417-9

44. de Almeida LA, Carvalho NB, Oliveira FS, Lacerda TL, Vasconcelos AC,
Nogueira L, et al. MyD88 and STING signaling pathways are required for IRF3-
mediated IFN-beta induction in response to Brucella abortus infection. PloS One.
(2011) 6:¢23135. doi: 10.1371/journal.pone.0023135

Frontiers in Immunology

16

10.3389/fimmu.2025.1661395

45. Jacobs AT, Ignarro LJ. Lipopolysaccharide-induced expression of interferon-beta
mediates the timing of inducible nitric-oxide synthase induction in RAW 264. 7
macrophages. ] Biol Chem. (2001) 276:47950-7. doi: 10.1074/jbc.M106639200

46. Meraz MA, White JM, Sheehan KC, Bach EA, Rodig SJ, Dighe AS, et al. Targeted
disruption of the Statl gene in mice reveals unexpected physiologic specificity in the JAK-
STAT signaling pathway. Cell. (1996) 84:431-42. doi: 10.1016/S0092-8674(00)81288-X

47. Fujimura M, Tominaga T, Kato I, Takasawa S, Kawase M, Taniguchi T, et al.
Attenuation of nitric oxide synthase induction in IRF-1-deficient glial cells. Brain Res.
(1997) 759:247-50. doi: 10.1016/S0006-8993(97)00264-3

48. Arthur JS, Ley SC. Mitogen-activated protein kinases in innate immunity. Nat
Rev Immunol. (2013) 13:679-92. doi: 10.1038/nri3495

49. Miraglia MC, Scian R, Samartino CG, Barrionuevo P, Rodriguez AM, Ibanez AE,
et al. Brucella abortus induces TNF-alpha-dependent astroglial MMP-9 secretion
through mitogen-activated protein kinases. J neuroinflammation. (2013) 10:47.
doi: 10.1186/1742-2094-10-47

50. Reimer T, Schweizer M, Jungi TW. Type I IFN induction in response to Listeria
monocytogenes in human macrophages: evidence for a differential activation of IFN
regulatory factor 3 (IRF3). J Immunol. (2007) 179:1166-77. doi: 10.4049/
jimmunol.179.2.1166

51. McGuire VA, Rosner D, Ananieva O, Ross EA, Elcombe SE, Naqvi S, et al. Beta
Interferon Production Is Regulated by p38 Mitogen-Activated Protein Kinase in
Macrophages via both MSK1/2- and Tristetraprolin-Dependent Pathways. Mol Cell
Biol. (2017) 37(1):e00454-16. doi: 10.1128/MCB.00454-16

52. Bhat NR, Feinstein DL, Shen Q, Bhat AN. p38 MAPK-mediated transcriptional
activation of inducible nitric-oxide synthase in glial cells. Roles of nuclear factors,
nuclear factor kappa B, cAMP response element-binding protein, CCAAT/enhancer-
binding protein-beta, and activating transcription factor-2. J Biol Chem. (2002)
277:29584-92. doi: 10.1074/jbc.M204994200

53. Kim TK, Maniatis T. The mechanism of transcriptional synergy of an in vitro
assembled interferon-beta enhanceosome. Mol Cell. (1997) 1:119-29. doi: 10.1016/
$1097-2765(00)80013-1

54. Wang J, Basagoudanavar SH, Wang X, Hopewell E, Albrecht R, Garcia-Sastre A,
et al. NF-kappa B RelA subunit is crucial for early IFN-beta expression and resistance
to RNA virus replication. J Immunol. (2010) 185:1720-9. doi: 10.4049/jimmunol.1000114

55. Dietrich N, Lienenklaus S, Weiss S, Gekara NO. Murine toll-like receptor 2
activation induces type I interferon responses from endolysosomal compartments. PloS
One. (2010) 5:¢10250. doi: 10.1371/journal.pone.0010250

56. Stack ], Doyle SL, Connolly DJ, Reinert LS, O’Keeffe KM, McLoughlin RM, et al.
TRAM is required for TLR2 endosomal signaling to type I IFN induction. J Immunol.
(2014) 193:6090-102. doi: 10.4049/jimmunol.1401605

57. Lu DY, Leung YM, Su KP. Interferon-alpha induces nitric oxide synthase
expression and haem oxygenase-1 down-regulation in microglia: implications of
cellular mechanism of IFN-alpha-induced depression. Int ] Neuropsychopharmacol.
(2013) 16:433-44. doi: 10.1017/S1461145712000338

58. Burke SJ, Updegraft BL, Bellich RM, Goff MR, Lu D, Minkin SC Jr., et al.
Regulation of iNOS gene transcription by IL-1beta and IFN-gamma requires a
coactivator exchange mechanism. Mol endocrinology. (2013) 27:1724-42.
doi: 10.1210/me.2013-1159

59. Barone FC, Irving EA, Ray AM, Lee JC, Kassis S, Kumar S, et al. Inhibition of p38
mitogen-activated protein kinase provides neuroprotection in cerebral focal ischemia.
Medicinal Res Rev. (2001) 21:129-45. doi: 10.1002/1098-1128(200103)21:2<129::AID-
MED1003>3.0.CO;2-H

frontiersin.org


https://doi.org/10.1182/blood-2003-04-1356
https://doi.org/10.1016/j.cell.2024.02.020
https://doi.org/10.1111/j.1749-6632.2011.06220.x
https://doi.org/10.1053/ejpn.2002.0567
https://doi.org/10.1016/j.neurobiolaging.2013.10.089
https://doi.org/10.1186/s40478-016-0341-4
https://doi.org/10.1002/glia.23592
https://doi.org/10.1002/glia.23592
https://doi.org/10.1002/glia.23460
https://doi.org/10.1128/JVI.79.13.8295-8302.2005
https://doi.org/10.1128/JVI.79.13.8295-8302.2005
https://doi.org/10.2174/157015911796557984
https://doi.org/10.1016/j.eurpsy.2004.09.030
https://doi.org/10.1016/j.immuni.2022.03.018
https://doi.org/10.1016/j.immuni.2022.03.018
https://doi.org/10.3390/stresses2010005
https://doi.org/10.1016/0006-8993(96)00417-9
https://doi.org/10.1016/0006-8993(96)00417-9
https://doi.org/10.1371/journal.pone.0023135
https://doi.org/10.1074/jbc.M106639200
https://doi.org/10.1016/S0092-8674(00)81288-X
https://doi.org/10.1016/S0006-8993(97)00264-3
https://doi.org/10.1038/nri3495
https://doi.org/10.1186/1742-2094-10-47
https://doi.org/10.4049/jimmunol.179.2.1166
https://doi.org/10.4049/jimmunol.179.2.1166
https://doi.org/10.1128/MCB.00454-16
https://doi.org/10.1074/jbc.M204994200
https://doi.org/10.1016/S1097-2765(00)80013-1
https://doi.org/10.1016/S1097-2765(00)80013-1
https://doi.org/10.4049/jimmunol.1000114
https://doi.org/10.1371/journal.pone.0010250
https://doi.org/10.4049/jimmunol.1401605
https://doi.org/10.1017/S1461145712000338
https://doi.org/10.1210/me.2013-1159
https://doi.org/10.1002/1098-1128(200103)21:2%3C129::AID-MED1003%3E3.0.CO;2-H
https://doi.org/10.1002/1098-1128(200103)21:2%3C129::AID-MED1003%3E3.0.CO;2-H
https://doi.org/10.3389/fimmu.2025.1661395
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Type I interferons regulate nitric oxide production in Brucella abortus-activated microglia contributing to neuronal death
	Introduction
	Materials and methods
	Animals
	Primary cell cultures
	Bacteria
	Bacterial components
	In vitro infections and culture treatment
	Gene expression by RT-qPCR
	Neutralization of type I IFN signaling
	Quantification of neuronal density in neurons/microglia co-cultures by fluorescence microscopy
	Nitric oxide determination in culture supernatants by Griess reaction
	Phagocytosis assay
	Cytokine measurement in culture supernatants
	Protein determination by western blot
	Inhibition of NF-κB and MAPK pathways
	Quantification of p65 nuclear translocation by confocal microscopy
	RNA-seq differential expression analysis of public transcriptome datasets
	Statistical analysis

	Results
	Brucella abortus infection induces IFN-α/β expression in astrocytes and microglia
	Neutralization of type I IFN signaling inhibits neuronal death induced by B. abortus-activated microglia
	IFNAR blocking inhibits NO release of activated microglia, but not its phagocytic capacity
	Neutralizing type I IFN signaling in B. abortus-activated microglia suppresses iNOS expression through inhibition of STAT1 expression and phosphorylation
	NO production in B. abortus-activated microglia requires the combined action of type I IFN, NF-κB and the MAPK p38 and ERK1/2 signaling pathways

	Discussion
	Limitations of the study
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


