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Bystander activation of microglia
by Brucella abortus-infected
astrocytes induces neuronal
death via IL-6 trans-signaling
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Inflammation plays a key role in the pathogenesis of neurobrucellosis where glial
cell interactions are at the root of this pathological condition. In this study, we
present evidence indicating that soluble factors secreted by Brucella abortus-
infected astrocytes activate microglia to induce neuronal death. Culture
supernatants (SN) from B. abortus-infected astrocytes induce the release of
pro-inflammatory mediators and the increase of the microglial phagocytic
capacity, which are two key features in the execution of live neurons by
primary phagocytosis, a recently described mechanism whereby B. abortus-
activated microglia kills neurons by phagocytosing them. IL-6 neutralization
completely abrogates neuronal loss. IL-6 is solely involved in increasing the
phagocytic capacity of activated microglia as induced by SN from B. abortus-
infected astrocytes and does not participate in their inflammatory activation.
Both autocrine microglia-derived and paracrine astrocyte-secreted IL-6 endow
microglial cells with up-regulated phagocytic capacity that allows them to
phagocytose neurons. Blocking of IL-6 signaling by soluble gpl30 abrogates
microglial phagocytosis and concomitant neuronal death, indicating that IL-6
activates microglia via trans-signaling. Altogether, these results demonstrate that
soluble factors secreted by B. abortus-infected astrocytes activate microglia to
induce, via IL-6 trans-signaling, the death of neurons. IL-6 signaling inhibition
may thus be considered a strategy to control inflammation and CNS damage
in neurobrucellosis.
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Introduction

Neurobrucellosis is an inflammatory disorder generated by the
invasion of Brucella to the nervous system. It mostly affects the
central nervous system (CNS) and has an ominous prognosis (1).
Once Brucella spp. invades the CNS, it induces meningoencephalitis,
central and peripheral demyelination, and neuritis together with
neurocognitive abnormalities (2-6). Brucella-induced pathology in
the CNS is a very complex process and it has yet many aspects to be
untangled, being the reactive inflammation one of the main
contributors to neuronal dysfunction (7, 8).

Astrocytes, microglia, oligodendrocytes, pericytes, and
endothelial cells are part of a highly controlled microenvironment
that is vital for proper neuronal function within the CNS (9). Initially,
glial cells were thought to simply provide trophic support for
neurons. Nowadays, it is clear that a closely intermingled neuron-
glia network is a crucial requisite for adequate CNS function (10-13).
Interactions between astrocytes and microglia control CNS
physiology in health and disease (12-17). This molecular dialogue
between microglia and astrocytes initiates early during colonization
of the CNS parenchyma and plays an essential role in neuronal
function (18). Yet, this reciprocal crosstalk between astrocytes and
microglia may also induce CNS inflammation through the secretion
of multiple cytokines and inflammatory mediators (19).

In recent years, we have demonstrated that CNS infection by B.
abortus causes the development of a powerful inflammatory
response. This response generates reactive microgliosis,
astrogliosis, and cellular infiltrates (20, 21). We have also shown
that after infection, glial cells secrete pro-inflammatory cytokines,
chemokines, metalloproteases, and nitric oxide (NO) (8, 20, 21).
Moreover, we have hypothesized that the neurocognitive symptoms
associated with neurobrucellosis may be the result of neuronal
damage due to the inflammatory response to infection (20, 22-24).
Indeed, we have demonstrated that B. abortus-activated microglia
induce neuronal death through primary phagocytosis (8). Nitric
oxide secreted by B. abortus-infected microglia induced neuronal
exposure of the “eat-me” signal phosphatidylserine (PS), which was
sufficient to trigger the microglial milk fat globule epidermal growth
factor-8 (MFG-E8)/vitronectin receptor pathway which leads to
subsequent neuronal engulfment and death (8).

The role of activated microglia either as positive (16, 25) or
negative regulators (26) of astrocytic pathogenic responses is well
established. However, since it is becoming more apparent that
inflammatory astrocytes are also able to regulate microglial
activity (17, 27-29), we sought to investigate the putative role of
B. abortus-infected astrocytes on microglial activation and the effect
that this interaction might have on neuronal wellbeing. Here, we
present the result of our study.

Materials and methods
Animals

Mice were used to obtain primary cultures of neurons,
astrocytes, and microglia. BALB/c mice were provided by the
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School of Pharmacy and Biochemistry, University of Buenos
Aires, Argentina. Interleukin-6 (IL-6) knock-out (KO) mice and
C57BL/6 wild-type (WT) mice were provided by the National
University of San Martin, Argentina. Mice were housed under
specific pathogen-free conditions in positive-pressure cabinets
and provided with sterile food and water ad libitum, under
controlled temperature (22 + 2°C) and artificial light (12 h cycle
period). All animal procedures were performed according to the
National Institute of Health (USA) rules and standards. Animal
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

Cultures of cortical neurons (>95%) were generated from E16-
E18 mouse forebrain fetuses, as described before (8). Briefly,
meninges were removed from the brain, and cortices were
dissected and treated with 0.25% trypsin-EDTA (Gibco). Cells
were dissociated mechanically and plated onto glass coverslips
pre-treated with poly-L-lysine (1 mg/mL) (Sigma Aldrich) at a
density of 2 x 10° cells/well in 24-well plates. Cultures were initially
maintained with Dulbecco’s modified Eagle’s medium-F12
(DMEM-F12, Gibco) plus 10% fetal bovine serum (FBS, Gibco)
for 3 h. Then, the medium was changed by a Neurobasal medium
supplemented with B27 and N2 (all from Gibco). All media
contained glucose, GlutaMAX (Gibco), streptomycin, and
penicillin (Gibco). Astrocytes and microglia cultures (>95%) were
obtained from the P1-P3 mouse forebrain following previously
described procedures (20). In short, brain tissue was subjected to
mechanical and enzymatic digestion with 0.25% trypsin-lmM
EDTA (Gibco) along with magnetic agitation for 20 min at room
temperature. The cell suspension was seeded in culture flasks
previously treated with 2% w/v gelatin (Sigma Aldrich) and was
grown at 37°C, 5% CO, humidified incubator in DMEM with high
glucose, supplemented with L-glutamine, sodium pyruvate,
penicillin, streptomycin, fungizone, and 10% FBS (all from
Gibco). After 2-3 weeks of culture, microglia were harvested by
orbital shaking (2 h at 37°C, 180 rpm) and astrocytes were harvested
by orbital shaking and subsequent trypsinization. Co-cultures of
neurons/microglia were established by adding 1 x 10°> microglial
cells on top of neuron cultures and were allowed to adhere for 18 h
before treatment. Astrocytes were cultured at a density of 3.5 x 10°
astrocytes/well in 24-well plates.

Bacteria

B. abortus $2308 was grown for 3 to 5 days in tryptic soy agar
(TSA, Merck) at 37°C. An inoculum of the bacteria was suspended
in sterile phosphate-buffered saline (PBS) and their number was
estimated by measuring the OD600 in a spectrophotometer
(Amersham Biosciences). All manipulations with viable bacteria
were performed in biosafety level 3 facilities located at the INBIRS
(School of Medicine, University of Buenos Aires). When indicated,
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B. abortus organisms were washed in PBS, heat-killed at 70°C for 20
min (HKBA), aliquoted, and stored at -70°C until their use to
stimulate cultures. The absence of B. abortus viability after heat-
killing was verified by the lack of bacterial growth on TSA.

Production of astrocyte
culture supernatants

Astrocyte cultures were infected with B. abortus at multiplicity
of infection (MOI) 100 for 24 h in 0.5 mL of DMEM, supplemented
with 2 mM of L-glutamine, 1 mM of sodium pyruvate, and 10% FBS
(complete medium) without antibiotics. Non-infected astrocytes
were cultured in the same conditions. Then, culture supernatants
were collected and sterilized using a 0.22 pm filter (JetBiofil) to
eliminate non-internalized bacteria, which were ultracentrifugated
when mentioned (at 100,000 x g for 5 h at 4°C), aliquoted, and
stored at -70°C until their use to stimulate cultures.

Culture treatment

Neurons/microglia co-cultures or microglia cultures were
stimulated for 48 h with SN from non-infected or B. abortus-
infected astrocytes diluted in complete medium (1/2, unless
otherwise stated). Untreated wells were used as a negative control.
When indicated, co-cultures were treated with astrocytes SN in the
presence of recombinant annexin V (200 nM; eBioscience), cyclic
RGD peptide (cRGD, Cyclo(-Arg-Gly-Asp-D-Phe-Val)), cRAD
(Cyclo(-Arg-Ala-Asp-D-Phe-Val)) peptides (100 uM; Bachem), or
recombinant mouse IL-6 (5, 10 or 15 ng/mL; Peprotech). Also, co-
cultures were pre-treated for 1 h with aminoguanidine (AG) (200
uM; Sigma Aldrich) or recombinant mouse gpl30Fc chimera
protein (100 ng/mL; R&D Systems), then they were treated with
astrocytes SN for 48 h in the presence of the inhibitor.
Neutralization experiments were performed using anti-mouse
TNF-o (10 ug/mL; clone MP6-XT3; BD Pharmingen), anti-
mouse IL-1B (10 pg/mL; clone B122; eBioscience), anti-mouse IL-
6 (5 ug/mL; clone MP5-20F3; BD Pharmingen) monoclonal
antibodies, or an isotype control (10 pug/mL; BioLegend). Culture
supernatants from B. abortus-infected astrocytes were pre-
incubated with the respective neutralizing antibodies for 1 h at
37°C before stimulating neurons/microglia co-cultures.

Immunofluorescence and quantification of
neuronal density

Neurons/microglia co-cultures were fixed with 4%
paraformaldehyde (PFA) for 20 min at RT 48 h after treatment.
Cells were permeabilized with 0.125% v/v Triton X-100 (Promega)
and blocked with PBS 5% FBS. Neurons were labeled with anti-f3-
Tubulin III monoclonal antibody (1:750 dilution; clone 2G10;
Sigma Aldrich) followed by Alexa Fluor 546-labeled anti-mouse
IgG2a (1:200 dilution; Life Technologies Inc.). Microglia were
labeled with biotinylated Griffonia simplicifolia isolectin-B4 (1:500
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dilution; Vector Laboratories) followed by Alexa Fluor 488-labeled
streptavidin (1:200 dilution; BioLegend). To dye nuclear structures,
4,6-diamidino-2-phenylindole (DAPI, Molecular Probes) were
used and nuclear morphology was analyzed to identify viable vs.
apoptotic neurons. Images were acquired by a Nikon Eclipse Ti-E
PFS microscope and analyzed using Image] software. Five
microscopic fields per duplicate coverslip (100-150 neurons) were
counted. Neuronal viability was calculated with respect to untreated
controls (expressed as a percentage).

Determination of gene expression by
RT-gPCR

The total RNA of microglia cells was extracted using 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). Real-time
quantitative PCR (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: TNF-o. forward: 5-ATGGCCTCCCTCTCATCAGT-3,
reverse: 5-TTTGCTACGACGTGGGCTAC-3’; IL-1B forward: 5-
GCCACCTTTTGACAGTGATGAG-3, reverse: 5-GACAGCCCA
GGTCAAAGGTT-3% IL-6 forward: 5-AGACAAAGCCAGAG
TCCTTCAG-3’, reverse: 5-GAGCATTGGAAATTGGGGTAGG-
3’; iNOS forward: 5’-CAGCTGGGCTGTACAAACCTT-3’, reverse:
5-CATTGGAAGTGAAGCGTTTCG-3; B-actin forward: 5-AAC
AGTCCGCCTAGAAGCAC-3, reverse: 5-CGTTGACATCCGTA
AAGACC-3. The amplification cycle was the following: 10 min at
95°C, 40 cycles at 95°C for 15 s, 60°C for 30 s, and 72°C for 60 s. All
primer sets (Invitrogen) yielded a single amplification product by
melting curve analysis. The fold change (relative expression) in gene
expression was calculated using the relative quantitation method
(2724€Y | Relative expression levels were normalized to the
expression of B-actin and plotted in a log, scale.

Measurement of cytokines and nitric oxide

Mouse IL-6, IL-1B, and TNF-0. were measured in culture
supernatants by ELISA according to the manufacturer’s
instructions (BD Pharmingen). The preexisting levels of cytokines
in astrocytes SN were subtracted in order to show the specific
secretion by microglia. Levels of nitric oxide (NO) in culture
supernatants were evaluated by measurement of nitrite
concentration using the colorimetric Griess reaction.

Phagocytosis assays

The phagocytic capacity of microglia was evaluated by the
uptake of Escherichia coli or negatively charged fluorescent beads.
For phagocytosis assay with E. coli, microglial cells were washed
after 24 h of culture stimulation, and E. coli DH50. (Invitrogen) was
added for 30 min at 37°C and 5% CO,. Unphagocytosed bacteria
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were removed by washing and gentamicin treatment (100 pg/mL)
for 30 min. Microglia were lysed with 0.1% v/v Triton X-100 in
distilled water, and the lysates were plated on TSA and incubated
overnight at 37°C. Phagocytosed bacteria were assessed by counting
colony-forming units (CFU). For phagocytosis assay with
fluorescent beads, after 48 h of culture stimulation, microglial
cells were incubated with 0.003% w/v of 5-5.9 um carboxyl
fluorescent Nile red particles (Spherotech) for 2 h at 37°C and 5%
CO,. Then, cells were thoroughly washed with ice-cold PBS to
arrest bead internalization and fixed with 4% PFA.

Statistical analysis

Experiments were executed at least three times using different
primary cultures. Statistical analysis was performed with two-way
ANOVA followed by the post hoc Tukey test in experiments of
neuronal viability, one-way ANOVA followed by the post hoc
Bonferroni test in experiments comparing more than two groups,
or two-tailed Student’s t-test in experiments comparing two groups,
using GraphPad Prism 6.0 software. Data are represented as mean
+ SEM.

Results

Culture supernatants from B. abortus-
infected astrocytes induce neuronal death
in co-cultures of neurons/microglia

We examined whether activation of microglia by astrocytes
within the inflammatory milieu generated by B. abortus in the CNS
promoted neuronal death. To model this scenario, in vitro co-
cultures of neurons/microglia were stimulated with SN from B.
abortus-infected astrocytes, and neuronal viability was determined
by microscopy after 24 and 48 h of culture. In parallel, co-cultures
were stimulated with SN from non-infected astrocytes or left
untreated (control). The addition of SN from B. abortus-infected
astrocytes to co-cultures of neurons/microglia induced a significant
dose- and time-dependent reduction (p < 0.05) in the number of
healthy neurons when compared with untreated controls. In all
cases, the number of apoptotic neurons was low and not different
from co-cultures stimulated with SN from uninfected astrocytes or
unstimulated co-cultures (Figures 1A-C). This result did not
depend on a particular co-culture or SN preparation since it was
corroborated in five independent experiments using neurons,
microglia, and astrocytes SN from different animals (Figure 1D).
Brucella spp. releases outer-membrane vesicles (OMVs) containing
lipopolysaccharide (LPS), outer membrane proteins, and other
bacterial components (30). To rule out the possibility that the
remaining OMVs present in SN after astrocyte infection were
implicated in microglia activation, we performed
ultracentrifugation of SN, as previously described (30, 31). Co-
cultures were then incubated with OMV-free SN for 48 h and
neuronal death was evaluated. The percentage of neuronal death
was not significantly different (p > 0.05) between non-depleted and
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OMV-free SN (Figure 1E). Importantly, B. abortus-infected
astrocytes SN had no direct effect on neuronal viability if
microglia were not present in the culture (Figure 1F), indicating
that SN are activating microglia to induce neuronal demise. These
results indicate that secreted factors from B. abortus-infected
astrocytes are responsible for microglia activation and

concomitant neuronal death.

SN from B. abortus-infected astrocytes
induce microglial activation

To investigate the effects that SN from B. abortus-infected
astrocytes have on microglia, we evaluated several parameters of
microglia activation. Treatment with SN from B. abortus-infected
astrocytes induced a significant (p < 0.05) inflammatory activation
of microglia measured as an increased gene transcription and
secretion of TNF-a,, IL-1B, and IL-6 (Figure 2A); increased gene
transcription of the inducible nitric oxide (NO) synthase (iNOS)
expression with concomitant NO release (Figure 2B); and increased
microglial proliferation (Figure 2C). Treatment also increased the
phagocytic capacity of microglia. Microglia treated with SN from B.
abortus-infected astrocytes significantly (p < 0.0005) increased the
phagocytosis of E. coli when compared with unstimulated control
microglia or microglia stimulated with SN from uninfected
astrocytes (Figure 3A). Activation of microglia caused by
treatment with SN from B. abortus-infected astrocytes also
significantly (p < 0.05) improved phagocytic uptake of beads,
increasing both the number of phagocytic microglia and the
number of beads taken per microglia (Figures 3B, C), when
compared with microglia incubated with SN from uninfected
astrocytes or unstimulated control microglia. Overall, these results
indicate that SN from B. abortus-infected astrocytes induce an
inflammatory activation of microglia with the release of pro-
inflammatory mediators and the increase in their proliferation
and phagocytic capacity which results in the death of neurons.

Microglia activated by SN from B. abortus-
infected astrocytes induce neuronal death
by primary phagocytosis

In a previous report, we have demonstrated that B. abortus-
infected microglia induce neuronal loss by primary phagocytosis
(also named phagoptosis) of live neurons (8). The elimination of
neurons relies on two simultaneous events: inflammatory
signaling-specifically NO secretion-and the increased phagocytic
capacity of microglia. NO secreted by B. abortus-activated microglia
induced neuronal exposure of the “eat-me” signal PS which allows
the microglial engulfment of live neurons through the vitronectin
receptor, using MFG-E8 as a bridging molecule. Blocking either of
the two mechanisms (NO secretion or phagocytosis) abrogates
neuronal death without inhibiting microglial overall activation
(8). Thus, to investigate if phagoptosis was involved in the
neuronal death induced by microglia activated by SN from B.
abortus-infected astrocytes, we first inhibited the PS/MGF-E8/
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FIGURE 1

SN from B. abortus-infected astrocytes induce neuronal death in co-cultures of neurons/microglia. Neurons/microglia co-cultures were stimulated
with SN from non-infected (NI) or B. abortus-infected (Ba) astrocytes (Astr SN) diluted in complete medium (1/2) or left untreated (control) for 24 h
or 48 h (A), or with different dilutions of SN from infected astrocytes for 48 h (B). Representative images from neurons/microglia co-cultures
showing neurons labeled with anti-B-Tubulin Il antibody (red) and microglia labeled with isolectin-B4 (green). Scale bar: 50 um (C). The percentage
(%) of neuronal density was evaluated in five independent experiments using neurons, microglia, and astrocytes SN from different animals (D)
Astrocytes SN were ultracentrifuged (OMVs-free SN) or not and used to stimulate neurons/microglia co-cultures for 48 h (E). Cultures of neurons
with microglia or neurons alone were treated with SN from non-infected or B. abortus-infected astrocytes for 48 h and neuronal density was
evaluated (F). The density of neurons was evaluated by fluorescence microscopy. The percentage (%) of viable and apoptotic neurons was calculated
vs. control condition. Data are shown as mean + SEM from a representative experiment of three performed, except where indicated. *p < 0.05; **p

< 0.005; ***p < 0.0005; ****p < 0.0001 vs. control condition, except where indicated. Non-significant (ns)

vitronectin receptor pathway. Blocking the MFG-E8-neuron’s PS
interaction (using recombinant annexin V) or the interaction
between MFG-E8 and the microglia’s vitronectin receptor (using
c¢RGD) completely inhibited the neuronal loss induced by microglia
activated by SN from B. abortus-infected astrocytes (Figures 4A, B).
As expected, the control peptide cRAD did not prevent neuronal
death. Of note, in both cases (annexin V and cRGD), the number of
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apoptotic neurons was not higher than controls (Figures 4A, B),
indicating that microglial phagocytosis of neurons was the cause of
death rather than its consequence. Certainly, if neurons had been
killed first by microglia and afterward phagocytosed by them, when
inhibition of phagocytosis was performed, apoptotic neurons
should have been visualized in the culture. Instead, we have
found only live neurons in the cultures. Likewise, the addition of
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Control NI Ba

Control NI Ba

Astr SN Astr SN

SN from B. abortus-infected astrocytes induce an inflammatory phenotype on microglia. Microglia were treated with SN from non-infected (NI) or B.
abortus-infected (Ba) astrocytes (Astr SN) or left untreated (control) for 48 h. Gene expression of TNF-a., IL-1f, and IL-6 was analyzed by RT-gPCR in
three independent experiments (plotted in a log2 scale) and cytokine secretion was measured by ELISA (A). Gene expression of iNOS was
determined by RT-gPCR in three independent experiments and the level of NO was evaluated by Griess reaction (B). Proliferation was assessed by
fluorescence microscopy (C). Data are shown as mean + SEM from a representative experiment of three performed, except where indicated. *p <

0.05; ***p < 0.0005 vs. control condition.

aminoguanidine, an inhibitor of both constitutive and iNOS and
therefore the release of NO (8), significantly reduced (p < 0.005) the
neuronal death induced by microglia activated by SN from B.
abortus-infected astrocytes (Figure 4C). These results indicate that
microglia stimulated by SN from B. abortus-infected astrocytes kill
live neurons by primary phagocytosis.

Neutralization of IL-6 prevents neuronal
death induced by SN-activated microglia

Our results indicate that soluble factors secreted by Brucella-
infected astrocytes are involved in the activation of microglia which
leads to neuronal death by primary phagocytosis. TNF-o, IL-1,
and IL-6 have been shown to be key inducers of microglial
activation and regulators of microglia effector functions (32-35).
Because these cytokines are secreted upon infection of astrocytes
with B. abortus (20), we sought to investigate their role in the
activation of microglia by SN from B. abortus-infected astrocytes.
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To investigate the role of IL-6, IL-1B, and TNF-o. in neuronal
phagoptosis induced by microglia activated by SN from B. abortus-
infected astrocytes, we pre-incubated SN with IL-6, IL-1f, or TNF-
o neutralizing antibodies before adding them to microglia/neurons
co-cultures. Neutralization of IL-6 but not TNF-o or IL-1f 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
(Figure 5). This result indicates that IL-6 is a key factor in
activating microglia to induce neuronal death.

IL-6 secreted by both astrocytes and
microglia contributes to neuronal death
induced by B. abortus-activated microglia

Our results (Figure 2A and (20)) indicate that Brucella-activated

microglia are capable of secreting IL-6. This, together with the
experimental design of the neutralization assay performed above
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Beads

Beads

SN from B. abortus-infected astrocytes increase the phagocytic activity of microglia. Microglia cultures were treated with SN from non-infected (NI)
or B. abortus-infected (Ba) astrocytes (Astr SN), or left untreated (control). The phagocytic activity of microglia was evaluated by two different
phagocytosis assays using E. coli (A) or negatively charged fluorescent 5 um beads (B, C). Phagocytized bacteria were evaluated by intracellular CFU
counting, and phagocytized beads were evaluated by fluorescence microscopy. Scale bar: 50 um. Data are shown as mean + SEM from a
representative experiment of three performed. **p < 0.005; ***p < 0.0005 vs. control condition

cannot rule out a putative contribution of microglial-secreted IL-6
in the phagoptosis induced by microglia activated by SN from B.
abortus-infected astrocytes. To decipher the source of IL-6
(microglia or astrocyte SN, or both) that drives activated
microglia to kill neurons, we performed co-cultures with
microglia and astrocyte SN from mice deficient in the IL-6 gene
(IL-6 knock-out, KO). At first, we treated wild-type (WT) co-
cultures of neurons/microglia with SN from B. abortus-infected
WT or IL-6 KO astrocytes (Figure 6A). As was shown before, when
SN from B. abortus-infected WT astrocytes were employed to
activate WT microglia (A), a significant (p < 0.0001) neuronal
death was achieved when compared to control cultures (@).
Stimulation of WT microglia with SN from B. abortus-infected
IL-6 KO astrocytes (‘) caused a significant neuronal death
compared with the control condition (@, p < 0.005) even though
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the percentage of neuronal death was significantly less (p < 0.05)
than the one obtained with SN from WT-infected astrocytes ().
Conversely, we performed co-cultures of neurons with WT or IL-6
KO microglia and treated them with SN from B. abortus-infected
WT astrocytes (Figure 6B). Likewise, if IL-6 KO microglia were
activated with SN from B. abortus-infected WT astrocytes (@), the
percentage of neuronal death was significantly less than the one
obtained in co-cultures with WT microglia (A, p < 0.005) although
still significant from the untreated control co-cultures with IL-6 KO
microglia (0, p < 0.05). Finally, in co-cultures where both microglia
and SN from B. abortus-infected astrocytes were obtained from IL-6
KO mice, no neuronal death was achieved (Figure 6C) indicating
the key role of this cytokine in mediating microglia-induced
neuronal death. Indeed, the importance of IL-6 in the overall
phagoptotic phenomenon was corroborated by stimulating
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FIGURE 4

Microglia activated by B. abortus-infected astrocytes induce
neuronal death by primary phagocytosis. Neurons/microglia co-
cultures were stimulated with culture supernatants (Astr SN) from
non-infected (NI) or B. abortus-infected (Ba) astrocytes for 48 h in
the absence or the presence of recombinant Annexin V (rAnnexin V;
200 nM) (A), the cyclic (c) peptides cRAD or cRGD (100 uM) (B), or
aminoguanidine (AG; 200 uM) (C). Untreated co-cultures were used
as control conditions (control). The density of neurons was
evaluated by fluorescence microscopy. The percentage (%) of viable
and apoptotic neurons was calculated vs. control. Data are shown
as mean + SEM from a representative experiment of three
performed. *p < 0.05; **p < 0.005; ***p < 0.0005 vs. control
condition, except where indicated.

microglia with heat-killed B. abortus (HKBA), a surrogate of
infection (8). At variance with WT microglia, IL-6 KO microglia
were unable to induce neuronal phagoptosis upon activation by B.
abortus directly (Figure 6D). Also, infection of WT microglia in the
presence of IL-6 neutralizing antibody completely abrogated
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FIGURE 5

Neutralization of IL-6 prevents neuronal death induced by
bystander-activated microglia. SN from non-infected (NI) or B.
abortus-infected (Ba) astrocytes (Astr SN) were pre-incubated or not
with anti-TNF-o. (@TNF-o; 10 pg/mL), anti-IL-1B (alL-1B; 10 pg/mL),
anti-IL-6 (alL-6; 5 ug/mL) monoclonal antibodies, or isotype control
(10 pg/mL) and used to stimulate neurons/microglia co-cultures for
48 h. Untreated co-cultures were used as control conditions
(control). The percentage (%) of viable and apoptotic neurons was
calculated vs. control. Data are shown as mean + SEM from a
representative experiment of three performed. ***p < 0.0005; ****p
< 0.0001 vs. control condition, except where indicated.

neuronal death (Figure 6E). These results indicate that IL-6 from
both astrocytes and microglia contributes to neuronal death and
demonstrate the critical role of this cytokine in the phagoptosis of
neurons induced by B. abortus regardless of its cellular source.

IL-6 neutralization inhibits the phagocytic
activity of microglia, but not its
inflammatory activation

As we have mentioned before, the elimination of neurons by
primary phagocytosis relies on two simultaneous events: NO
secretion (which induces the exposure of the “eat-me” signal PS
on neurons) and the increased phagocytic capacity of microglia (8).
To investigate in which of these two phenomena (if not in both) IL-
6 is involved, we performed neutralization experiments using IL-6
neutralizing antibodies and evaluated microglia functions.
Neutralization of IL-6 resulted in complete abrogation of the
phagocytic ability of microglia as induced by SN from B. abortus-
infected astrocytes, as compared to microglia treated with SN from
uninfected astrocytes or untreated control ones, when the
phagocytic capacity was evaluated as uptake of negatively charged
microbeads (both the number of phagocytic microglia and the
number of beads taken per microglia) (Figure 7A). Conversely,
the inflammatory activation of microglia measured as TNF-o
secretion; and more importantly, NO release, was not modified
when SN were treated with neutralizing IL-6 antibodies (Figures 7B,
C). Isotype control antibody has no effect in none of these
phenomena. These results indicate that IL-6 increases the
phagocytic activity of microglia, but it does not modify its
inflammatory activation. Indeed, although recombinant IL-6
increased the microglial phagocytosis of beads (Figure 7D),
without inducing an inflammatory response (as TNF-o. and NO
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FIGURE 6

IL-6 secreted by both astrocytes and microglia contributes to neuronal death by primary phagocytosis. Neurons/microglia wild-type (WT) co-
cultures were stimulated with SN from non-infected (NI) or B. abortus-infected (Ba) WT and IL-6 knock out (KO) astrocytes (Astr SN) for 48 h (A).
Co-cultures of neurons and WT or IL-6 KO microglia were treated with SN from non-infected (NI) or (B) abortus-infected (Ba) WT astrocytes for 48
h (B). Co-cultures of WT neurons and IL-6 KO microglia were treated with SN from non-infected (NI) or (B) abortus-infected (Ba) IL-6 KO astrocytes
for 48 h (C). Co-cultures of neurons and WT or IL-6 KO microglia were stimulated with heat-killed (B) abortus (HKBA; 1x10® bacteria/mL) for 48 h
(D). Neurons/microglia co-cultures were infected with B. abortus (MOl 100) in the presence of anti-IL-6 monoclonal antibody (alL-6; 5 ug/mL) or its
isotype control (5 ng/mL) for 48 h (E). The percentage (%) of neuronal density is shown as mean + SEM from three independent experiments using
neurons, microglia, and astrocytes SN from different animals (A-C). The percentage (%) of viable and apoptotic neurons was calculated vs. WT
control (untreated) condition. Data are shown as mean + SEM from a representative experiment of three performed (D, E). *p < 0.05; **p < 0.005;
***p < 0.0005; ****p < 0.0001 vs. WT control condition, except where indicated. Non-significant (ns).

secretion) (Figures 7E, F), it did not induce neuronal loss
(Figure 7G). Overall, these results indicate that IL-6 is necessary,
but not sufficient to induce neuronal death by primary phagocytosis
since it is only involved in the increased phagocytic capacity of
microglial cells.

IL-6 activates microglia via trans-signaling

IL-6 may stimulate responses in a target cell in two different
manners. Classical signaling involves the binding of IL-6 to the
membrane-bound IL-6 receptor (IL-6R). As the IL-6R lacks
intrinsic signal transduction capacity, subsequent downstream
signaling takes place upon engagement of its B-receptor gp130 on
the cell membrane (36, 37). IL-6R also exists as a soluble protein
(sIL-6R), which forms a complex with IL-6 and stimulates cells that
express gpl130 with or without endogenous IL-6R expression in a
mechanism known as trans-signaling (38). To complicate things
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further, a soluble form of gp130 (sgp130) is also formed. sgp130 acts
as a decoy receptor and can inhibit trans-signaling but does not
affect classical signaling (39). As neutralizing IL-6 antibodies block
both classical and trans-signaling, we used a recombinant gp130-Fc
chimerical protein to investigate which signaling pathway is
involved in the activation of microglia. For this, neurons/
microglia co-cultures were treated with SN from B. abortus-
infected astrocytes in the presence of gp130-Fc and its effect vis-
a-vis the effect of IL-6 neutralizing antibodies was compared. The
presence of gp130-Fc completely inhibited neuronal death induced
by activated microglia. Again, neutralization of IL-6 also 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
(Figure 8A). Moreover, the presence of gpl130-Fc resulted in
complete abrogation of microglia’s phagocytic capacity induced
by SN from B. abortus-infected astrocytes (Figure 8B). Thus, trans-
signaling was involved in mediating the phagocytic activity of
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IL-6 neutralization inhibits the phagocytic activity of microglia, but not its inflammatory activation. Microglia cultures were stimulated with SN from
non-infected (NI) or B. abortus- infected (Ba) astrocytes (Astr SN) in the presence of anti-IL-6 monoclonal antibody (alL-6; 5 ug/mL) or its isotype
control (5 ug/mL) for 48 (h) Untreated co-culture was used as a control condition (control). Phagocytic activity was evaluated by a phagocytosis
assay with fluorescent 5 um beads that were visualized by fluorescence microscopy (A). Secretion of TNF-a. (B) and NO (C) were also measured in
cultured supernatants. Microglia cultures were treated with recombinant IL-6 (rIL-6; 15 ng/mL) for 48 h and phagocytic activity (D), secretion of
TNF-a (E), and release of NO (F) were measured. Neurons/microglia co-cultures were treated with different concentrations of rlL-6 for 48 h, and
neuronal density was evaluated. Untreated co-culture was used as a control condition (control). The percentage (%) of viable and apoptotic neurons
was calculated vs. control (G). Data are shown as mean + SEM from a representative experiment of three performed. *p < 0.05; **p < 0.005; ***p <

0.0005 vs. control condition, except where indicated. Non-significant (ns).

microglia treated with SN from B. abortus-infected astrocytes.
These results indicate that IL-6 trans-signaling increases microglia
phagocytosis, leading to neuronal death.

Discussion

The entry of B. abortus to the brain parenchyma takes place
within infected monocytes as a Trojan horse after peripheral
inflammation of the blood-brain barrier induced by the bacterium
(31, 40). In turn, these infected monocytes served as bacterial
sources for de novo infection for astrocytes and microglia (40).
Infection of glial cells has a profound impact on neurobrucellosis
physiopathology, provoking deleterious consequences on astrocytes
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(20), the blood-brain barrier (41), and neurons (8). Although it is
well recognized that when B. abortus infects a cell population,
Brucella-infected cells constitute only 5-10% of all cells (42, 43); the
activation of astrocytes and microglia during neurobrucellosis is
widespread (20), potentially indicating that a bystander activation
of non-infected glial cells could be taking place in the inflammatory
milieu generated by infection. Thus, we sought to investigate the
role of B. abortus-infected astrocytes on microglial activation and
how this interaction might affect neuronal health.

Our results demonstrate that SN from B. abortus-infected
astrocytes induce the inflammatory activation of microglia, which,
in turn, execute the death of neurons. It has been well documented
that in the context of infection, there exists a bystander activation of
uninfected cells by inflammatory mediators released by adjacent
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IL-6 activates microglia via trans-signaling. SN from non-infected (NI) or B. abortus-infected (Ba) astrocytes (Astr SN) were pre-incubated or not with
recombinant gp130Fc (100 ng/mL), anti-IL-6 (alL-6; 5 ng/mL) monoclonal antibody, or its isotype control (5 ug/mL) and used to stimulate neurons/
microglia co-cultures (A) or microglia cultures (B) for 48 (h) Untreated cultures were used as control conditions (control). Percentage (%) of viable
and apoptotic neurons was calculated vs. control (A). The phagocytic activity of microglia was evaluated (B). Data are shown as mean + SEM from a
representative experiment of three performed. **p < 0.005; ***p < 0.0005,****p < 0.0001 vs. control condition, except where indicated

infected cells that allow the amplification and propagation of
deleterious innate immune responses in most tissues (44-46). In
this context, the relevance of infection of astrocytes relies on the fact
that these cells are the most abundant cellular type of the CNS, in
comparison with microglia which comprise approximately 5-10%
of the brain parenchyma (47). Thus, astrocytic inflammatory
activation would have a profound impact on the overall innate
immune activation of CNS during neurobrucellosis by activating
neighboring glial cells such as microglia (48), which in turn become
lethal to neurons.

SN from B. abortus-infected astrocytes could not directly induce
neuronal death, which is similar to our previous observations using
conditioned media from B. abortus-infected microglia (8). In both
cases, we have demonstrated the requirement of the presence of and
close contact between microglia and neurons for neuronal demise to
occur, a condition that enables phagocytosis of live neurons by
activated microglia. SN from B. abortus-infected astrocytes induce
the overall activation of microglia with the release of pro-
inflammatory mediators and the increase of their phagocytic
capacity. These two features were key in the execution of live
neurons by phagoptosis, a recently described mechanism whereby
microglia activated by B. abortus kill neurons by phagocytosing
them (8). Thus, the phagoptosis of neurons by B. abortus-activated
microglia might be triggered at least in two ways: by direct B.
abortus infection of microglia or by a bystander microglial
activation through inflammatory mediators secreted by Brucella-
infected astrocytes, vindicating primary phagocytosis of neurons as
a major contributor of CNS pathology in brucellosis.

It has been described that a transgenic mouse model with
astrocytes overexpressing IL-6 (GFAP-IL6) in the CNS exhibits
neurodegeneration associated with learning (49) and motor
impairment (50, 51). Interestingly, brain sections of these mice
exhibit activation of microglia (microgliosis), which correlates with
the loss of different neuronal subpopulations. However, the
molecular mechanisms underlying neuronal death in these
models have not been reported. Our findings describe a
mechanism in which IL-6 is implicated in the neuronal death
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induced by microglia activated by SN from B. abortus-infected
astrocytes. Moreover, our results demonstrate that IL-6 is a key
cytokine necessary for primary phagocytosis of neurons to occur
since neutralization of this cytokine completely abrogates neuronal
loss. The mechanism of action, the cellular source, and the signaling
pathway of IL-6 in our model merit discussion.

IL-6 is solely involved in increasing the phagocytic capacity of
activated microglia as induced by SN from B. abortus-infected
astrocytes and does not participate in their inflammatory
activation, ascribing to IL-6 a direct action on the microglial
phagocytic function. This is true in our neurobrucellosis model
and also in other models in which IL-6 elicited transcriptomic and
molecular changes that increase the phagocytic capacity of
phagocytes (52, 53). Moreover, in some of these models, the IL-6-
mediated increment of the phagocytic capacity of microglia also
correlates with neurodegeneration (54, 55). Interestingly, IL-6 was
also shown to increase the expression and the adhesion capacity of
the o, subunit of the vitronectin receptor (56), the receptor involved
in the neuronal loss induced by B. abortus-activated microglia ( (8)
and Figure 4). Our results also indicate that although necessary, IL-
6 is not sufficient to induce microglia-mediated neuronal death
since the concomitant release of NO by activated microglia must
take place for neuronal loss to occur.

IL-6 is a major cytokine in the CNS produced by glial cells,
neurons, and endothelial cells under physiological and pathological
conditions (57), including neurobrucellosis (20, 41, 58).
Particularly, in neurobrucelosis, infiltrating CD8" T-cells (59)
could also be a source of IL-6, as it has been described in
multiple sclerosis (60). Despite its autocrine action on many of
these IL-6-producing cells (61-63), the functions exerted by IL-6 in
CNS are induced in most cases in a paracrine way on neighboring
cells (27, 54, 55, 64). In this complex scenario, astrocyte-derived IL-
6 seems to have a major role in microglia functions (29, 51, 55). Our
results show that both autocrine microglia-derived and paracrine
astrocyte-secreted IL-6 add up to endow microglial cells with up-
regulated phagocytic capacity that allows them to phagocytose
neurons and go along with the contention of a multicellular
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source of production for IL-6 in CNS to undertake both
physiological and pathological functions (34, 57).

The pleiotropic functions of IL-6 are clearly depicted in CNS
where it promotes anti- and pro-inflammatory outcomes (65). IL-6
also plays a critical role in the normal homeostasis of neuronal tissue
stimulating neurogenesis, neuronal differentiation, and
neuroprotection against tissue injury (65, 66). Under homeostatic
conditions, low levels of IL-6 are detectable in the brain (66). Yet, its
production increases during many pathological conditions, including
neurobrucellosis (58). This IL-6 overproduction in the brain usually
leads to neurodegeneration (49, 50). In fact, several authors suggest
that IL-6 might be a relevant biomarker for poor prognosis in several
mental pathologies such as depressive disorders (67) and
schizophrenia (68), or in the use of drugs such as cannabis and
ketamine (69, 70), which are conditions related to neuronal
dysfunction and with similar symptoms to the ones of
neurobrucellosis (3-5). In any case, classification of anti- or pro-
inflammatory profiles by IL-6 on CNS is sensitive not only to its levels
(low levels under healthy steady state conditions vs. high levels during
pathological conditions), cellular source (neurons, astrocytes,
oligodendrocytes, microglia, and endothelial cells), and targets of
IL-6 itself but more important to the IL-6 signaling pathway.

Our results demonstrate that neuronal death induced by
microglia activated by SN from B. abortus-infected astrocytes
proceeds via trans-signaling and agree with the contention that
neuronal damage depends on trans-signaling in the CNS, whereas
classical signaling has a regenerative role in neural tissue (71). Of
note, although IL-6 by itself has been reported to elicit gp130-
mediated signaling in IL-6R-bearing microglial cells, these cells are
also responsive to hyper-IL-6 (a recombinant chimera that mimics
trans-signaling) (34, 72). Notably, in pathological states, it seems
that classical signaling is not involved in the activation of microglial
cells as microglia become pro-inflammatory when exposed to
hyper-IL-6 versus IL-6 alone (73), emphasizing the different
pathological consequences between classical and trans-signaling
on microglia.

In fact, classical IL-6 signaling has been hypothesized to have a
neuroprotective role within the CNS (74-76). Although still under
debate in the field, currently available data have confirmed a
context-dependent and mutual modulation of classical or trans-
signaling IL-6 pathways that lead to anti- and pro-inflammatory
responses (65).

Finally, it is our contention that neuronal death caused by
primary phagocytosis induced by B. abortus-activated microglia is
at the basis of neurocognitive symptoms observed in
neurobrucellosis (8, 24). In the present study, we have evidence
that, besides infection, the bystander activation of microglia
through inflammatory mediators secreted by Brucella-infected
astrocytes can also induce such a phenomenon and that IL-6 is
essential for the phagocytosis of neurons to take place. Since the use
of humanized anti-interleukin-6 receptor antibody (tocilizumab)
has been identified as a putative treatment for inflammatory
encephalopathies involving neurological symptoms (77-79), the
data presented in this paper suggest that the use of such a
therapeutic approach might represent a medical strategy to
restrict IL-6 signaling, possibly reducing the symptoms associated
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with neurobrucellosis or other neurological diseases in which the
phagocytic activation of microglia is involved.
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