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Abstract

Galectin-8 (Gal-8) is a glycan-binding protein that modulates a variety of cellular processes interacting with cell surface glyco-
proteins. Neutralizing anti-Gal-8 antibodies that block Gal-8 functions have been described in autoimmune and inflammatory
disorders, likely playing pathogenic roles. In the brain, Gal-8 is highly expressed in the choroid plexus and accordingly has been
detected in human cerebrospinal fluid. It protects against central nervous system autoimmune damage through its immune-
suppressive potential. Whether Gal-8 plays a direct role upon neurons remains unknown. Here, we show that Gal-8 protects
hippocampal neurons in primary culture against damaging conditions such as nutrient deprivation, glutamate-induced
excitotoxicity, hydrogen peroxide (H,O,)-induced oxidative stress, and (3-amyloid oligomers (A{30). This protective action is
manifested even after 2 h of exposure to the harmful condition. Pull-down assays demonstrate binding of Gal-8 to selected 31-
integrins, including «3 and a5 1. Furthermore, Gal-8 activates 31-integrins, ERK1/2, and PI3K/AKT signaling pathways that
mediate neuroprotection. Hippocampal neurons in primary culture produce and secrete Gal-8, and their survival decreases upon
incubation with human function-blocking Gal-8 autoantibodies obtained from lupus patients. Despite the low levels of Gal-8
expression detected by real-time PCR in hippocampus, compared with other brain regions, the complete lack of Gal-8 in Gal-8
KO mice determines higher levels of apoptosis upon H,O, stereotaxic injection in this region. Therefore, endogenous Gal-8
likely contributes to generate a neuroprotective environment in the brain, which might be eventually counteracted by human
function-blocking autoantibodies.
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[1-3]. Abnormal neuronal death characteristically occurs in
neurological diseases such as stroke, Alzheimer’s disease
(AD), and multiple sclerosis (MS) [3]. Also in systemic lupus
erythematosus (SLE), the prototypic autoimmune disease,
neuronal death likely contributes to developing neuropsychi-
atric SLE (NPSLE) associated with a variety of neurotoxic
factors, including brain-reactive autoantibodies [4—7]. The
mechanisms that balance neuronal survival versus death path-
ways in the brain remain incompletely understood and there-
fore the therapeutic alternatives for these diseases are currently
limited [1-4]. A decreased function of neuroprotective factors
in the brain might be one of the conditions contributing to
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neurodegeneration and neuropsychiatric disorders in different
brain diseases [8, 9]. On the other hand, harmful elements
such as excitotoxicity due to an exaggerated release of gluta-
mate and oxidative stress by increased oxygen reactive species
are common to acute ischemia and chronic neurodegenerative
diseases [2, 3, 10], while 3-amyloid (A3) contributes to over-
pass the natural neuroprotective systems particularly in AD
[9]. Indeed, identifying new endogenous factors that promote
neuroprotection against apoptosis-inducers such as glutamate,
hydrogen peroxide (H,O,) and Af-oligomers (Af30) might
reveal new clues regarding the neural survival/death balance
and how to improve current treatments.

Galectins constitute a family of 15 proteins that share ho-
mologous carbohydrate-recognition domains (CRDs) for (3-
galactosides and display a wide spectrum of functions acting
as glycan-based decoders, both within the cytosolic compart-
ment and the extracellular space [11-13]. In the cytosol,
galectins can play a variety of functions. They can regulate
gene transcription and mRNA splicing through nonglycan
interactions [14], while their glycan interactions can mediate
recognition and autophagic removal of damaged
endomembranes, thus having a protective role at least in in-
nate immunity [11, 15]. After unconventional secretion, pre-
sumably involving exosomes [16], galectins interact at the cell
surface with a variety of glycosylated molecules, including
signaling receptors, and can either establish or interfere with
cell-to-cell and cell-to-extracellular matrix (ECM) interac-
tions, modifying cellular processes with physiologic and ther-
apeutic implications [13, 17]. Galectin-1 (Gal-1), Gal-3, Gal-
4, Gal-8, and Gal-9 seem to be significantly expressed in the
brain [18]. However, most studies on neuronal function and
protection have been focused on Gal-1 and Gal-3 [14].

We have been studying Gal-8 [19], which belongs to the
tandem-repeat class of galectins characterized by two CRDs
bound by a linker peptide of variable length. Gal-8 is widely
expressed in many tissues and tumors and has a unique spec-
ificity for «2,3-sialylated glycans in its N-terminal CRD, not
shared by other galectins, likely entailing special functional
properties [20]. Intracellularly, Gal-8 promotes autophagic re-
moval of damaged endosomes and lysosomes, linking their
cytosolic exposed luminal glycans to the NDP52 autophagy
adaptor [15] and inhibiting mTOR in the lysosomal membrane
[21]. This cell-protecting system constitutes a defense mech-
anism against bacterial [15, 21] and viral invasion [22] and
might also protect against endocytic-dependent propagation
of the pathogenic tau protein relevant in AD [23]. The role
of Gal-8 in the extracellular space is exerted through glycan-
dependent interactions with selected cell surface signaling re-
ceptors and integrins [24, 25]. Gal-8 binds and activates se-
lected (1-integrins in different cellular systems [26-28],
which can trigger ERK1/2 and PI3K/AKT signaling pathways
[26,28-30]. 3 1-Integrins and ERK1/2 and PI3K/AKT surviv-
al signaling pathways are important components of the

neuroprotection machinery [2, 31-36]. We recently described
Gal-8 expression in several regions of the mouse brain, with
high levels in the choroid plexus that generates cerebrospinal
fluid (CSF), and accordingly, we detected Gal-8 in human
CSF [19]. However, the role of Gal-8 as neuroprotector has
not been explored.

An additional feature to consider regarding the roles of
Gal-8 is that human anti-Gal-8 autoantibodies seems to be
frequent in autoimmune or chronic inflammatory disorders,
including rheumatoid arthritis, SLE, and MS [19, 37]. These
antibodies can neutralize Gal-8 interactions with cell surface
glycoproteins, including (31-integrins, and their functional
outcomes [28, 30, 37]. Other antibodies have been shown to
interfere with neuronal function and can lead to neuronal
death in the brain, associating with NPSLE [5, 7]. Our previ-
ous studies on experimental autoimmune encephalomyelitis
and patients with remitting-recurrent MS (RRMS) revealed
that Gal-8 protects against CNS inflammatory damage acting
as immune-suppressor [19]. This Gal-8 function is
counteracted by function-blocking anti-Gal-8 antibodies gen-
erated by RRMS patients, with pathogenic consequences
reflected in a worse prognosis due to neuronal damage [19].
Anti-Gal-8 antibodies can be found in the CSF of MS patients
[19].

All this data prompts to define not only the role of Gal-8 on
neuronal responses to injuring conditions relevant to acute and
chronic neurological disorders but also the effect of human
function-blocking anti-Gal-8 antibodies upon neuronal
survival.

Materials and Methods
Antibodies and Reagents

Polyclonal antibodies against integrins &2, &3, &4, «5,
and 31, and mouse blocking anti-31 integrins were pur-
chased from Chemicon International, Inc., CA. Anti-ERK
and anti-pERK were from Santa Cruz Biotechnology
(Santa Cruz, CA), anti-AKT and anti-pAKT (Serd73)
from Cell Signaling Technology. Anti-caspase-3, anti-cas-
pase-9, and anti-cytochrome ¢, were from Santa Cruz
Biotechnology (Santa Cruz, CA). Thiodigalactoside
(TDG), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT), Hoechst 33342, thrombin,
wortmannin, protein-A-Sepharose, and glutamate were
from Sigma Aldrich CO, St. Louis USA. Enhanced
chemiluminescence (ECL) system was from Amersham
(Piscataway, NJ). PD98059 was from Calbiochem (La
Jolla, CA) and hydrogen peroxide (H,O,) from Merck
(Darmstadt, Germany). Anti-Gal-8 (anti-rGal-8) antibod-
ies obtained by immunizing rabbits with recombinant hu-
man Gal-8 were previously characterized [28, 30].
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Isolation of Human Function-Blocking Anti-Gal-8
Autoantibodies and Anti-Gal-8-Depleted IgG Fraction

Thirty patients with SLE attending the outpatient clinic of the
Department of Clinical Immunology and Rheumatology,
Faculty of Medicine, Pontificia Universidad Catélica de
Chile, donated sera in agreement with an informed consent
approved by the ethical committee of the same institution.
Sera were screened by immunoblot for autoantibodies against
Gal-8 using 0.5 pg of Gal-8 released from glutathione-S-trans-
ferase (GST)-Gal-8 as an antigen, as previously described
[37]. Sera that gave strong reactivity were used to purify Gal-8
autoantibodies by affinity chromatography with recombinant
Gal-8 covalently linked to Affi-Gel 10 (BioRad), according to
the manufacturer’s instructions. Bound antibodies were eluted
with 0.1 M glycine-HCI at pH 2.5 solution, neutralized with
1 M K,HPOy,, dialyzed in PBS, and maintained in PBS contain-
ing 1 mg mlI™' BSA at —20 °C. The remaining anti-Gal-8-
depleted sera were incubated with protein-A-Sepharose to obtain
a control IgG fraction (C-IgG). Human anti-Gal-8 antibodies can
be used as function-blocking antibodies [19, 37].

Recombinant Gal-8 Production

Transformed Escherichia coli were incubated with 0.2 mM
isopropyl-1-thio-h-d-galactopyranoside (Invitrogen) for 4 h
to induce the expression of GST-Gal-8 protein and purified
by affinity chromatography with glutathione-Sepharose as de-
scribed [28, 38]. Gal-8 was released from GST-Gal-8 linked to
glutathione-Sepharose by thrombin treatment (10 U mg ' of
fusion protein) for 4 h at room temperature.

Hippocampal Neuron Primary Cultures

Hippocampal primary cultures were prepared from E18
Sprague-Dawley rats, treated with 2 UM cytosine arabinoside
for 24 h to decrease glial growth, and maintained in B27-
supplemented mneurobasal media, as previously described
[39, 40]. Experiments were performed on 8—10 days in vitro
(DIV) cultures.

Cell Viability Assay

Hippocampal neurons (2 x 10* cells 100 ml™" well ) were
incubated for 24 h at 37 °C under different conditions and
then cell viability was measured by the MTT reduction meth-
od, as previously described [41, 42].

AB Oligomers Preparation

Synthetic A31-42 peptide corresponding to wild-type human

AP was obtained from Genemed Synthesis, Inc. (San
Francisco, CA) and used to prepare APo, as described [43,
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44]. Briefly, A peptide stock solution was prepared by dis-
solving freeze-dried aliquots of A3 in 1,1,1,3,3,3-hexafluoro-
2-propanol (HFIP, Sigma H-8508) at 1 mM, incubated at room
temperature for 1 h and lyophilized. For Af3o preparation,
peptide film was dissolved in dimethyl sulfoxide (DMSO,
Sigma D2650) at 5 mM and then diluted into distilled water
to a final concentration of 100 M. The preparation was in-
cubated overnight for Ao formation.

Immunofluorescence

Hippocampal neurons plated on polylysine-coated coverslips
(30,000 neurons/cover) were softly rinsed twice in ice-cold
PBS, fixed with freshly prepared 4% paraformaldehyde in
PBS for 20 min, and permeabilized for 5 min with 0.2%
Triton X-100 in PBS. After several washes in ice-cold PBS,
cells were incubated in 1% BSA in PBS (blocking solution) for
30 min at room temperature, followed by an overnight incuba-
tion at 4 °C with the indicated primary antibodies, extensively
washed with PBS, and then incubated with Alexa-conjugated
secondary antibodies for 30 min at 37 °C. Digital images were
acquired on a Zeiss Axiophot microscope using the x 63 im-
mersion objective and a 14-bit Axiocam camera and a
Axiovision imaging software [45]. For quantification, neurites
were segmented in ROIs of 2 pum, and the average intensity of
each ROI was measured and normalized respect to control.

Integrin Binding to Gal-8

Pull-down experiments to assess integrin binding to Gal-8
were performed as described [28]. Briefly, hippocampal cells
(1% 10° cells) were lysed in 1% NP-40 buffer containing
25 mM Tris/HCI1 (pH 7.4), 150 mM NaCl, 2 mM EDTA,
4 pg ml™" leupeptin, 4 mM PMSF, and 4 ug ml' pepstatin
A (Sigma) for 1 h at 4 °C. The lysates were cleared by centri-
fugation at 4 °C for 10 min at 10,000x g, and the supernatants
were first incubated with GST attached to glutathione-
Sepharose for 1 h at 4 °C and then with 25 ul of GST-Gal-8
linked to glutathione-Sepharose beads. To assess glycan-
dependent Gal-8 interactions, competence experiments were
performed by preincubating GST-Gal-8 beads with 10 mM
TDG for 1 h at 37 °C. The beads were then washed in PBS,
suspended, and boiled in loading buffer. Proteins were re-
solved by 10% SDS-PAGE, transferred to nitrocellulose mem-
branes, and incubated with the indicated antibodies against «
and 3 integrin subunits and then visualized by ECL.

Gal-8 Detection in Cell Extracts and Conditioned
Media

To analyze secretion of Gal-8, hippocampal neurons were
incubated with Neurobasal/B27 media, supplemented with
100 pCi ml™" of [*°S] methionine/cysteine for 16 h. Then,
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conditioned media was collected, centrifuged at 20,000xg for
10 min, and Gal-8 was immunoprecipitated with «-hGal-8 or
pulled down with lactose-coated beads [46].

Animals

Sprague-Dawley rats and mice were housed at the Faculty of
Biological Sciences of the Pontificia Universidad Catolica de
Chile and handled according to guidelines outlined and ap-
proved by the Institutional Animal Care and Use Committee
of this Faculty. Animals were euthanized by an overdose of
anesthesia. Lgals8/Lac-Z knock-in (here called Gal-8 KO or
Lgals8™") mice [19] were generated from C57BL/6NTac mice
engineered in Regeneron Pharmaceuticals Inc., New York,
using Velocigene technology [47] for replacing the entire cod-
ing region of the mouse Lgals8 gene (18,427 bp) with LacZ
lox-Ub1-EM7-Neo-lox Cassette, containing the LacZ gene
that encodes [3-galactosidase. Details of the Lgals8 KO mice
and PCR genotyping assay, including the predicted PCR prod-
ucts and the primers, are available at the Velocigene website
(www.velocigene.com/komp/detail/14305).

CNS B-gal histochemistry and histological analysis

Brains were fixed by perfusion in 4% paraformaldehyde
(PFA) in PB buffer (0.1 M phosphate buffer at pH 7.4) and
processed for 3-gal histochemistry as described [48, 49].

Gal-8 mRNA Detection by Real-Time PCR

Total mRNA was isolated from mouse brain by using Trizol
reagent according to the manufacturer protocol. Real-time PCR
was performed using the SYBR Green Master Mix Kit. Primer
sequences were: [3-actin forward GATGACCCAGATCA
TGTTTG, B-actin reverse CTTCTCTTTGATGTCACGCA,
Gal-8 forward TCCATCGGGTTCAGATTCAG, Gal-8 reverse
GCACACCATTTATAGCAACC. Thermocycler conditions
included an initial hold at 95 °C for 5 min followed by a two-
step PCR program at 95 °C for 5 s and 60 °C for 10 s, repeated
for 40 cycles in a Rotor-Gene Q System (QIAGEN). The
amount of endogenous 3-actin mRNA was used for an internal
control for qPCR in each sample.

Stereotaxic Injection

Animals received bilateral intrahippocampal administration of
H,0, by stereotaxic injection as previously described [50].
Gal8 KO and wild-type (WT) mice were anesthetized using
1.5-2.5% isoflurane. The head was shaved and the animal was
placed in a small, mouse stereotaxic frame (Stoelting) with
nontraumatic ear bars to hold the skull in place. The skull
was exposed from several millimeters anterior and posterior
to bregma. Bore holes were made above the left and right CA1

hippocampus (coordinates, 2.46 mm anterior to the bregma,
1.0 mm lateral, 1.5 mm relative to dura mater). Body temper-
ature during anesthesia was maintained at 37 °C by an isother-
mal heating pad. Mice were allowed to recover for 48 h before
euthanasia. Sterile H,O, was diluted in PBS 1x to reach a final
concentration of 50 uM, previously reported to promote cell
death [51, 52].

Immunoblot

To assess ERK1/2 and AKT activation, proteins (25 pg) of
cell lysates prepared from 1x 10° cells in the presence of
phosphatase inhibitors were resolved in 10% SDS-PAGE,
transferred to nitrocellulose membranes, and analyzed with
antibodies against phosphorylated ERK1/2 or AKT at
1:1000 dilution. The bands were digitalized and their relative
intensities estimated by NIH J software. To analyze the apo-
ptotic effect of H,O, stereotaxic injection, the hippocampus of
WT and Gal-8 KO mice were dissected on ice and immediately
processed as previously described [9, 53]. Briefly, hippocampal
tissue was homogenized in RIPA buffer (10 mM Tris-Cl, pH 7.4,
5 mM EDTA, 1% NP-40, 1% sodium deoxycholate, and 1%
SDS) supplemented with a protease inhibitor mixture and phos-
phatase inhibitors (25 mM NaF, 100 mM Na3VO4, and 30 uM
NayP,0-) using a Potter homogenizer and then sequentially
passed through syringes of different calibers. Protein samples
were centrifuged twice at 14,000 rpm for 15 min at 4 °C, and
the concentrations were determined using the BCA Protein
Assay Kit (Pierce). The samples were resolved by SDS-PAGE,
followed by immunoblotting on PVDF membranes with the
corresponding antibodies.

Statistical Analysis

Experiments were made in replicates (n = 3, except when in-
dicated). Data are expressed as mean =+ standard error.
Apparent differences were assessed for statistical significance
using GraphPad Prism and Sigma Plot software. Significance
was accepted at p value <0.05. p values correspond to
*p <0.05 and **p <0.001.

Results
Gal-8 Protects Neurons Against Damaging Conditions

To study the role of Gal-8 on neuronal viability, we challenged
hippocampal neurons in primary culture with well-known
neuronal damaging conditions. Nutrient deprivation is a
strong stressor that decreases the viability of neurons in pri-
mary culture [54]. Incubation of 8-10 DIV cultures of hippo-
campal neurons for 24 h in the absence of B27 supplement
showed decreased survival, which could be counteracted by
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adding Gal-8 (1.5 uM) to the media (Fig. 1a; *p <0.01). To
determine whether this protective effect involves interactions
of Gal-8 with cell surface glycans, we used TDG that blocks
galectin/glycan-interactions [28, 30]. Pre-incubation of Gal-8
with TDG inhibited the survival effect of Gal-8 (Fig. 1a).
Therefore, Gal-8 interactions with cell surface glycans pro-
mote survival of hippocampal neurons challenged by nutrient
withdrawal.

We then studied whether Gal-8 protects neurons against
injuring conditions such as glutamate-induced excitotoxicity
and H,O,-mediated oxidative stress, as common agents in
many neurological diseases, and Ao particular to AD path-
ogenesis [55-57]. We tested the effect of Gal-8 in the absence
of B27 to further stress the neuronal survival system.
Hippocampal neurons incubated without B27 showed even
lower levels of viability under glutamate (15 puM) (Fig. 1b;
*p < 0.05), HO, (25 uM) (Fig. lc; **p<0.001) and Af3-
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Fig. 1 Gal-8 improves neuronal survival and protects against damaging
conditions. Primary hippocampal neurons were incubated for 24 h at
37 °C in neurobasal medium with or without B27 supplement and
absence or presence of 1.5 uM Gal-8 and 20 mM TDG, as indicated.
Cell viability was assessed by MTT. a Nutrient and growth factor depri-
vation by omitting B27 supplement decreased cell viability by 50% in the
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peptide (5 uM) (Fig. 1d; **p < 0.001) incubation. In all these
conditions, co-incubation with 1.5 uM of Gal-8 improved
survival in a TDG blockable manner (Fig. 1a—d). Gal-8 treat-
ment also decreased the rate of apoptosis induced by both
glutamate and H,0,, as demonstrated by quantifying
Hoechst-stained pyknotic nuclei in neurons identified with
anti-MAP2B antibodies (Fig. 2). Therefore, Gal-8 also pro-
tects against apoptotic stimuli conveyed by excitotoxicity and
oxidative stress in hippocampal neurons.

An important aspect to evaluate in neuroprotective factors
is their potential to rescue cells previously exposed to cell
injuring conditions. We pre-treated cells with glutamate for
different time periods before adding Gal-8 (1.5 uM) and
assessed neuronal survival after 22 h. Strikingly, Gal-8 pre-
cluded death of neurons previously exposed for up to 2 h to
glutamate (15 pM) treatment (p < *0.01) (Fig. 3). After this
period, Gal-8 is no longer protected. Although some
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absence of Gal-8 versus 25% in the presence of Gal-8. In the absence of
B27, Gal-8 counteracted the viability impairment caused by: b glutamate
(15 uM), ¢H,0, (25 uM), and d APo (5 uM). In all these harmful
conditions, TDG prevented the neuroprotective effect of Gal-8, indicating
dependency on lectin interactions with cell surface glycans. (*p <0.05;
*#p < 0.001, ANOVA; n =3, each of the three experiments in triplicate)
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Fig. 2 Gal-8 prevents apoptosis
in hippocampal neurons.
Hippocampal neurons were
incubated for 24 h at 37 °C in the
absence or presence of glutamate
(15 uM) or H,0, (25 uM), with
or without Gal-8 (1.5 uM), as
indicated. Indirect
immunofluorescence for MAP2B
and the quantification of nuclei
stained with Hoechst showed that
Gal-8 lowered the percentage of
apoptotic nuclei in neurons under
both deleterious conditions (bar,
10 um). (*p <0.01 ANOVA; n=
3, each of the three experiments in
triplicate, analyzing 6080 cells
per condition)

Glutamate

Ho0o Gal-8 + HoOo

variability can be observed in the survival rates between ex-
periments, likely due to intrinsic differences in the hippocam-
pal primary neuronal culture, the conclusion of Gal-8 as a
neuroprotective factor does not change as we always included
internal controls in each experiment.

Gal-8-Mediated Neuroprotection Involves Activating
Interactions with B1-Integrins

[ 1-Integrins, particularly «5@1 integrin [34], can account
for most of ECM-dependent neuroprotection [31-33]. Gal-
8 has been reported to bind selective (31-integrins, including
«5f31 integrins, in other cellular systems [28, 30, 46].
Therefore, we analyzed the selectivity of Gal-8 for 31-
integrins expressed in hippocampal neurons. We used re-
combinant GST-Gal-8 linked to glutathione-Sepharose to
pull down glycoproteins and analyzed bound integrins by
immunoblot against «2, &3, a4, «5, and 1 integrin sub-
units. As in other cells, Gal-8 preferentially bound «3 and
«5 but not a2 or a4 integrins (Fig. 4a, lane 2). Indeed, we
detected o2 and o4 subunits in the cell extracts (Fig. 4a,
input). Therefore, the lack of «2 or a4 subunits in the pull
down means that Gal-8 neither interacts with these subunits
nor with the (31 subunit in the «2f31 or x4f31 dimeric
integrin. Again, TDG inhibited the binding of Gal-8 to o-
integrins (Fig. 4a, lane 3). These results indicate that among
several f31-integrins expressed by neuronal cells Gal-8

MAP2B/Hoechst

Gal-8 + Glutamate

40

30+

Apoptotic nuclei (%)

Glutamate - - + +

50
40

30

ol .|

Apoptotic nuclei (%)

interacts with 3-galactosides present in selected « subunits,
including «5.

Next, we studied whether Gal-8 activates (3 1-integrins with
neuropotential consequences in hippocampal primary neu-
rons. Immunofluorescence with an antibody that detects the
active conformation of 3 1-integrin [34, 58] revealed that Gal-
8 effectively activates [31-integrins in hippocampal neurons
(Fig. 4b). A function-blocking antibody to (31-integrin
blocked the f1-integrin activation induced by Gal-8 (Fig.
4b), thus giving the opportunity to explore the role of 31-
integrin-activation in the neuroprotective effects of Gal-8.
Hippocampal neurons pre-treated with the (31-integrin func-
tion-blocking antibodies no longer showed the survival and
protective effects of Gal-8 tested against glutamate cytotoxic-
ity (Fig. 4c). Taken together, these results indicate that Gal-8
protects neurons from harmful conditions by activating (31-
integrins through its interactions with selective o-subunits,
including o5 subunit.

Gal-8 Activates ERK and AKT Signaling Pathways that
Contribute to Neuroprotection

Down-stream mediators of 3 1-integrin-driven cell survival
and neuroprotection in response to ECM components include
MAPK ERK1/2 and PI3K/AKT signaling pathways [31-34].
Treatment of primary neurons with Gal-8 showed activation
of both ERK1/2 (sevenfold) and AKT (fivefold) over basal
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Fig. 3 Gal-8 protects neurons even 2 h after glutamate addition.
Hippocampal neurons were incubated with glutamate (15 uM) for 1, 2,
4, and 6 h, and afterwards, Gal-8 (1.5 uM) was added for 22 h. Cell
viability assessed by MTT assay showed improved survival when Gal-8
was added within 2 h after starting the glutamate challenge, losing its
protective effect at a longer time point. (*p <0.01 ANOVA; n=3, each
of the three experiments in triplicate)

levels (Fig. 5a). This activation decreased in the presence of
TDG and thus involved Gal-8 interactions with cell surface
glycans (Fig. 5a, lane 5). Inhibitors of ERK1/2 (25 pM
PD98059) and PI3K/AKT (50 nM wortmannin) pathways de-
creased the neuroprotective effect of Gal-8 (Fig. 5b; *p < 0.05).
Therefore, activation of both ERK1/2 and PI3K/AKT signaling
pathways is involved in Gal-8-mediated neuroprotection.

Neurons Secrete Gal-8 Creating a Protective
Environment that Can Be Blocked by Human
Anti-Gal-8 Autoantibodies

Our experiments so far demonstrate neuroprotection using
recombinant Gal-8 preparations. Galectins are secreted by
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some yet unknown unconventional mechanism likely includ-
ing exosomes [16]. To define whether endogenously produced
Gal-8 has similar effects, we assessed the production and se-
cretion of Gal-8 in the hippocampal primary cultures. We
metabolically labeled the cells with [*°S] methionine/
cysteine and then performed immunoprecipitation or affinity
chromatography with anti-hGal-8 autoantibody or with lac-
tose-agarose, respectively. Both approaches detected a meta-
bolically labeled 34 kDa protein corresponding to the molec-
ular mass of Gal-8 (Fig. 6a). These results suggest that prima-
ry hippocampal neurons in primary culture express and secrete
Gal-8.

We previously described that patients with SLE or with MS
generate anti-Gal§ autoantibodies that block the interaction of
Gal-8 with cell surface integrins, blocking its functional out-
comes [19, 24, 28, 30, 59]. These function-blocking human
anti-Gal-8 autoantibodies can be used to assess the contribu-
tion of endogenously secreted Gal-8 upon neuronal survival.
Incubation with affinity-purified Gal-8 antibodies
(0.5 ug ml™") from SLE patients decreased the viability of
primary hippocampal neurons (Fig. 6b). In contrast, anti-
hGal-8 serum pre-incubated with Gal-8 or depleted from
anti-Gal-8 antibodies by affinity chromatography showed no
effect (Fig. 6b). Therefore, the results suggesting that primary
hippocampal neurons express and secrete Gal-8, and the de-
creased viability of these neurons upon incubation with
function-blocking human anti-Gal-8 antibodies, indeed indi-
cate that endogenously secreted Gal-8 contributes to neuronal
survival. Importantly, at the same time these results demon-
strate that human autoantibodies can neutralize the neuropro-
tective role of Gal-8.

Gal-8 Expression and Neuroprotection in Adult Brain

Our previous results indicate that fetal hippocampal neurons
used for primary culture produce and secrete detectable and
neuroprotective-competent levels of Gal-8. The question then
is what might happen in the adult brain. We previously assessed
the expression of Gal-8 in the adult mice brain using Gal-8
knock-in mice, which bear an insertion of (3-galactosidase un-
der the Gal-8 promoter, and thus (3-galactosidase staining re-
flects Gal-8 expression [19]. As previously shown by Pardo
et al. [19], 3-galactosidase staining revealed higher Gal-8 ex-
pression levels in the choroid plexus and thalamus, whereas the
hippocampus and cortex displayed relatively low levels of Gal-
8 expression and mainly scattered to a few cells (Fig. 7a). A
complementary analysis using real time PCR corroborated the
higher levels of Gal-8 expression at the choroid plexus and at a
brain segment encompassing the thalamus, hypothalamus, and
midbrain, contrasting with detectable but low levels of expres-
sion at the hippocampus (Fig. 7b).

Finally, to test whether Gal-8 contributes to neuroprotection in
the adult brain we compared the levels of apoptotic markers in
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Fig. 4 [31-integrin activation mediates Gal-8 neuroprotection. a Pull
down of hippocampal neuron glycoproteins with GST-Gal-8 linked to a
glutathione-sepharose column and in the absence or presence of 20 mM
TDG resolved by SDS-PAGE and immunobloted against the indicated
integrin subunits. Gal-8 selectively bound to o3, &5, and (31 but not to &2
and o4 integrins, even though these subunits are detected in the whole
cell extract. Gal-8 binding to selected « subunits involved interaction
with 3-galactosides, as indicated by TDG block. b Indirect immunofluo-
rescence with an antibody that detects activated forms of 3 1-integrins
showed positive signals (arrow heads) upon incubation of the cells with

the hippocampus of wild-type and Gal-8 KO mice after stereo-
taxic injection of H,O,. Immunoblot analysis of the hippocam-
pus showed higher levels of cytochrome ¢, caspase-9 and
caspase-3 in Gal-8 KO mice, reflecting an increased apoptotic
damage, compared with WT mice (Fig. 8). These results dem-
onstrate that endogenous Gal-8 expression contributes to neuro-
protection counteracting apoptotic pathways in the brain.

Gal-8 1.5 M for 1 h. Pre-incubation with 20 g mI™" of anti- 1-blocking
antibodies (anti-1 block) prevented the Gal-8-induced f3 1-integrin acti-
vation. (bar, 10 wm). Graph below shows increased fluorescence intensity
measured on neurites. (**p <0.001 ANOVA; Relative mean intensity +
SEM in 30 ROIs from two experiments); c. Pre-incubation with anti-
integrin B1 blocking antibodies (20 pg ml™") for 1 h also abrogated the
Gal-8-mediated (1.5 uM) neuronal survival improvement against gluta-
mate. (*p <0.01 ANOVA; n =3, each of the three experiments in
triplicate)

Discussion

Our previous study reported Gal-8 in the brain and CSF
playing an immunosupressive role that protects the CNS
against autoimmune inflammatory conditions such as EAE
and MS [19]. We now provide evidence that Gal-8 can direct-
ly protect neurons against harmful conditions commonly
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Fig. 6 Gal-8 endogenously expressed and secreted by hippocampal
neurons is neuroprotective. a Immunoprecipitation of newly
synthesized Gal-8 in primary hippocampal neurons and culture medium.
Hippocampal neurons were metabolically labeled with 100 puCi mI™*
[*°S] methionine/cysteine during 4 h, and the expression of Gal-8 was
analyzed by immunoprecipitation from cell extracts (lane 1) and media
(lane 2). The 34 kDa band in the fluorography corresponds to the

1
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molecular mass of Gal-8. Precipitation from media with lactose-agarose
beads (lane 3) also revealed a band of similar molecular mass. b Anti-Gal-
8 function-blocking antibodies, affinity purified from serum of SLE pa-
tients, decreased survival of hippocampal neurons, whereas antibodies
preincubated with an excess of Gal-8 (1.5 uM), as well as anti-Gal-8-
depleted serum show no effect (**p < 0.001 ANOVA; n =3, each of three
experiments in triplicate)
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Fig. 7 Gal-8 expression in mouse a
brain. a 3-gal staining of mouse
brain indicates high expression
levels of Gal-8 in the choroid
plexus of the lateral (i) and dorsal
3rd ventricle (ii) and thalamus
(iii), while hippocampus (iv) and
cortex (v) show few scattered
cells with 3-gal staining reflecting
Gal-8 expression (bars, | mm in
the upper global figure and

100 pum in the lower panels of
insets at higher magnifications). b
Real-time PCR confirms that Gal-
8 is expressed at low levels in
hippocampus compared with both
the choroid plexus and the
combined regions of the thalamus

(Th), hipothalamus (HTh), and i

midbrain (Mbrain). Control
sample from the KO mouse
shows no transcript detection

found in acute and chronic brain diseases. Gal-8-mediated
neuroprotection involves activation of selective [31-integrins
and MAPK-ERK /2 and PI3K/AKT signaling pathways and
can be blocked by human anti-Gal-8 autoantibodies.

‘We show that Gal-8 improves the survival of hippocampal
neurons challenged with nutrient restriction, glutamate, hy-
drogen peroxide and Afo. This neuroprotective effect in-
volves Gal-8 interactions with cell surface glycoconjugates,
as it can be effectively counteracted with TDG that blocks
galectin-glycan interactions [28, 30]. Glutamate and hydrogen
peroxide likely reproduce in vitro conditions affecting neurons
during acute ischemia [55, 56]. Oxidative stress has also been
involved in neurodegenerative diseases, including

mRNA Gal-8 / 3-actin
o
~
o

Alzheimer’s disease, Parkinson, and amyothophic lateral scle-
rosis [10]. A3 species induce neuronal death through gluta-
mate excitotoxicity, activation of caspase-3 [60], oxidative
stress [61], and alterations in calcium homeostasis [62] and
Wnt signaling [57]. Our results not only show that Gal-8 can
counteract all these harmful conditions but also that its protec-
tive action can be effective even 2 h after the exposure to the
neurotoxic challenge. Therefore, Gal-8 might be suitable to
ameliorate neuronal damage under acute damaging condi-
tions, such as stroke, where a time-window is determinant to
start treatment [63].

Integrins are well-known mediators of neuronal survival
and protection against damaging conditions such as ischemia
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Fig. 8 Gal-8 protects a
hippocampus against damage
from H,0, in vivo. Western blots
of caspase-9, caspase-3, and
released cytochrome ¢ in
hippocampal homogenates from
three WT and three Gal-8-KO
mice analyzed 48 h after
stereotaxic injection of H,O,

(50 uM) or PBS into the
hippocampus. The graph
represents the densitometric

analysis of bands relative to a Act-Casp-3
whole analysis of three WT and
three Gal-8-KO mice. Bars
represent the mean + SEM. Actin
(*p<0.05 student #; n =3)

Lane

and excitotoxicity [31-33, 64]. Integrins also contribute to
neuronal regeneration after physical injury or neuropathy
[64]. Previous studies mainly focused on integrin activators
found in ECM, such as fibronectin [35, 65-67] and laminin
[31, 32, 68]. However, Gal-8 has been shown to be equipotent
to fibronectin in selective {3 1-integrin activation [29], particu-
larly engaging 531 [28, 30, 46]. Our pull-down experiments
reveal that Gal-8 binds «3 and 5 but not «2 and x4 integrins
in hippocampal neurons. Activation of 531 is known to
improve neuronal survival [34]. Our results with an antibody
that recognizes only the activated conformation of (31
integrins [34, 58] show that Gal-8 activates 31 integrins in
hippocampal neurons. We also show that anti-31 function-
blocking antibodies decrease the neuroprotector effect of
Gal-8. Even though the contribution of other cell surface in-
teractions cannot be discarded, all these results crucially in-
volve selected 31 integrins, including «531, in the neuropro-
tective effects of Gal-8.

Our results show that Gal-8 activates ERK1/2 and PI3K/
AKT signaling in primary hippocampal neurons, with ERK1/
2 activation seemingly downstream PI3K as judged by its
abrogation with wortmannin. Cross activation and potentia-
tion between ERK1/2 and PI3K/AKT signaling occur in both
senses depending on the cellular context [69, 70]. We also
show that Gal-8 neuroprotection can be counteracted with
ERK1/2 and PI3K inhibitors. ERK1/2 and PI3K/AKT signal-
ing pathways are well-documented survival pathways in neu-
rons [2], protecting against apoptotic inducers such as lack of
nutrients, glutamate, and A peptide [71, 72]. Both ERK1/2
and PI3K/AKT survival pathways counteract pro-apoptotic
proteins and increase the expression of apoptotic-preventive
proteins [2]. For instance, ERK1/2 and AKT activities con-
verge upon phosphorylation-mediated inhibition of GSK3f3
and pro-apoptotic BAD proteins, as well as on the activation
of the transcription factor CREB that increases the anti-
apoptotic expression of Bcl-2 and BDNF [73, 74]. AKT also
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activates NF-«kB that modulates the transcription of Bcl-2 and
Bcl-x [74]. Furthermore, caspase-9 is inhibited by PI3K phos-
phorylation [75, 76]. The window of Gal-8 effectiveness,
expanding 2 h after incubation with the harmful conditions,
implies that at some point the downstream elements of the
damaging pathways become irreversibly committed towards
the apoptotic process. Gal-8 might only prevent the initial
steps by triggering the counteracting ERK1/2 and AKT pro-
tective signaling.

Gal-1, Gal-3, Gal-4, Gal-8, and Gal-9 have been reported
as the main galectins expressed in the CNS [18, 77], where
they can have complementary roles and also complementary
therapeutic potentials. Gal-4 is expressed by hippocampal
neurons in primary culture and is required for axonal sorting
and clustered organization of NCAM L1 glycoprotein at the
plasma membrane, implied in axonal growth [78]. Gal-1 and
Gal-3 have long been studied in the central and peripheral
nervous systems, but there is no much information regarding
survival or protecting effects directly on neurons [79]. Gal-1
has been described to induce degeneration of neuronal pro-
cesses associated with overexpression of the p75 neurotrophic
receptor [80]. However, contradicting results reported no di-
rect effect of Gal-1 upon neuron survival or neuronal process-
es in culture, whereas it prevents inflammation-induced neu-
rodegeneration through selective deactivation of microglial
cells [81]. In primary cultures of cerebral granular neurons,
Gal-1 has been found to provide neuroprotection specifically
against glutamate but not to hydrogen peroxide or to other
toxic insults [82]. Oxidized or monomeric Gal-1, having little
lectin activity, promotes peripheral axonal growth and regen-
eration by indirectly engaging macrophage function [83, 84].
In vivo, Gal-1 improves recovery after focal brain ischemia
[85]. Gal-3 might also be a neuronal survival factor, as it
promotes neural cell adhesion, neurite growth [86], and pro-
tection against Af3-induced neuronal death [87]. Additional
effects of Gal-1 and Gal-3 in the CNS include modulation of
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neuronal stem cells, re-myelination and regeneration process-
es post-peripheral injury, as well as modulation of immune
reactions against the CNS in autoimmune diseases [79]. Gal-
3 also negatively regulates hippocampal-mediated memory
[88]. As mentioned, Gal-8 has immunosuppresive actions that
can protect CNS from autoimmune attacks [19]. Here, we add
Gal-8 as an example of a galectin able to protect neurons
against a variety of injuring conditions, offering a 2-h time-
lapse period for an effective treatment intervention against
acute damage.

Galectins are secreted by some yet unknown pathway like-
ly including exosomal release and can extracellularly act as
autocrine regulation factors [16, 89]. We presented evidence
indicating that hippocampal neurons in primary culture not
only respond to exogenously added Gal-8 but also secrete
endogenous Gal-8 competent as neurosurvival factor. Our im-
munoprecipitation experiments revealed newly synthesized
Gal-8 in the media of metabolically labeled hippocampal neu-
rons. We also show that human function-blocking anti-Gal-8
antibodies isolated from a SLE patient decrease the survival of
these neurons. Therefore, neurons themselves can generate a
Gal-8-protecting environment, which becomes ineffective in
the presence of human anti-Gal-8 autoantibodies such as those
generated by patients with SLE [28, 30, 37] or MS [19].

We also analyzed the expression and neuroprotective po-
tential of Gal-8 in adult mouse brain taken advantage of Gal-8
KO mice. A [3-galactosidase reporter inserted downstream the
Gal-8 promoter and qPCR analysis both show low levels of
Gal-8 expression in the hippocampus compared with the
higher levels displayed by the thalamus and choroid plexus.
However, despite the low level of Gal-8 expression in hippo-
campus, we found a clear neuroprotection effect provided by
Gal-8 in this region. Stereotaxic injection of H,O, into the
hippocampus induced higher levels of several apoptotic
markers in Gal-8 KO compared with wild-type mice. This
observation suggests that Gal-8 can exert neuroprotection in
adult brain even in regions where its expression is relatively
low. It is possible that neurons all over the brain constantly
receive Gal-8 through the CSF. The choroid plexus that gen-
erates the CSF has high levels of Gal-8 expression, and we
have previously detected Gal-8 in human CSF [19].
Components of CSF can penetrate into the brain parenchyma
along arterial paravascular spaces [90-92]. Therefore, a main
source of Gal-8 bathing the adult brain can be the CSF gener-
ated by the choroid plexus [19].

The role of Gal-8 in the brain has previously been related to
modulation of the immune-surveillance system that patrols the
CNS, thus protecting against autoimmune conditions [19]. We
have described that Gal-8 KO mice develop exacerbated
symptoms of EAE, correlated with enhanced inflammation
and demyelination lesions in affected CNS areas, while Gal-
8 treatment of wild-type mice ameliorates the disease symp-
toms [19]. Furthermore, patients with multiple sclerosis

generate function-blocking anti-Gal-8 antibodies that predict
clinical disability reflecting neuronal damage [19]. Anti-Gal-8
antibodies can be found not only in the circulation but also in
the CSF of these patients [19]. These observations can be
explained in part by a role of Gal-8 as immunosuppressive
factor [19, 25, 93], which modulate the balance of Th17 and
Thl polarization and their respective Tregs [19]. Anti-Gal-8
autoantibodies have been associated with lymphopenia in
SLE and can also been found in rheumatoid arthritis and other
inflammatory disorders [37]. Antibodies can reach the brain
parenchyma from the circulation under a variety of pathogenic
conditions that breach the blood brain barrier, including severe
infections, or can be directly produced in the brain when im-
mune cells penetrate into the organ during autoimmune con-
ditions [94]. Our present results add a new function of Gal-8 in
the brain, which is to contribute to generate a protective envi-
ronment by promoting f31-integrin-dependent survival sys-
tems in neurons. Function-blocking anti-Gal-8 antibodies gen-
erated under autoimmune or inflammatory conditions might
eventually reduce such Gal-8-mediated neuroprotection.
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