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Galectin-3 in M2 Macrophages Plays a Protective Role in
Resolution of Neuropathology in Brain Parasitic Infection by
Regulating Neutrophil Turnover

Fredice 0. Quenum Zangbede, Arun Chauhan, Jyotika Sharma, and Bibhuti B. Mishra
Department of Biomedical Sciences, School of Medicine & Health Sciences, University of North Dakota, Grand Forks, North Dakota 58202

Macrophages/microglia with M2-activation phenotype are thought to play important anti-inflammatory and tissue reparative functions
in the brain, yet the molecular bases of their functions in the CNS remain to be clearly defined. In a preclinical model of neurocysticercosis
using brain infection with a parasite Mesocestoides corti, we previously reported the presence of large numbers of M2 cells in the CNS. In
this study using female mice, we report that M2 macrophages in the parasite-infected brain display abundant galectin-3 expression.
Disease severity was increased in Galectin-3"'" mice correlating with increased neurological defects, augmented cell death and, impor-
tantly, massive accumulation of neutrophils and M2 macrophages in the CNS of these mice. Because neutrophil clearance by efferocytosis
is an important function of M2 macrophages, we investigated a possible role of galectin-3 in this process. Indeed, galectin-3-deficient M2
macrophages exhibited a defect in efferocytic clearance of neutrophils in vitro. Furthermore, adoptive transfer of M2 macrophages from
galectin-3-sufficient WT mice reduced neutrophilia in the CNS and ameliorated disease severity in parasite-infected Galectin-3~'" mice.
Together, these results demonstrate, for the first time, a novel role of galectin-3 in M2 macrophage function in neutrophil turnover and resolution
of inflammatory pathology in the CNS. This likely will have implications in neurocysticercosis and neuroinflammatory diseases.
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Macrophages/microglia with M1-activation phenotype are thought to promote CNS pathology, whereas M2-anti-inflammatory
phenotype promote CNS repair. However, the mechanisms regulating M2 cell-protective functions in the CNS microenvironment
are undefined. The current study reports that helminth infection of the brain induces an increased expression of galectin-3 in M2
macrophages accumulated in the CNS. Using multiple experimental models in vivo and in vitro, they show that galectin-3 in M2
macrophages functions to clear neutrophils accumulated in the CNS. Importantly, galectin-3 in M2 macrophages plays a central
role in the containment of neuropathology and disease severity. These results provide a direct mechanistic evidence of the
protective function of M2 macrophages in the CNS. j

ignificance Statement

M2-anti-inflammatory (Murray and Wynn, 2011; Girgis et al.,
2013; Gundra et al., 2014; Riicker]l and Allen, 2014; Wynn and
Vannella, 2016). M1 inflammatory effector cells generally pro-
mote the destruction of pathogens but cause widespread tissue
damage when unchecked (Locati et al., 2013; Glass and Natoli,

Introduction
Macrophages/microglia respond to environmental cues by adopting
polarized functional phenotypes between M1-proinflammatory or
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2016). In addition, M1 macrophage/microglia are found to im-
pair these CNS repair processes (Hu et al., 2015; Wohlfert et al.,
2017). On the other hand, the M2 cells dampen excessive host
inflammatory responses and promote tissue repair (Hu et al.,
2012; Franco and Fernandez-Suarez, 2015). In addition to these
restorative processes in nervous tissue, M2 cells promote axonal
remodeling and remyelination, oligodendrogenesis, and neuro-
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genesis (Miron et al., 2013). However, M2 cell involvement in
CNS repair process has primarily been derived from in vitro stud-
ies or in vivo by selective depletion of these cells using chemicals.
Mechanisms of their protective function in the CNS microenvi-
ronment are poorly understood.

M2 macrophage-associated response is a signature of hel-
minth infections. Therefore, experimental models involving hel-
minth infections in the CNS can be important to identify critical
molecules and mechanisms in M2 macrophage/microglia functions
to control brain pathology. In this regard, neurocysticercosis (NCC)
isa common CNS parasitic disease caused by the presence of Taenia
solium larvae in the CNS (White, 2000; Mahanty and Garcia,
2010). In a mouse model for NCC, in which mice are intracrani-
ally inoculated with a related helminth Mesocestoides corti (Car-
dona et al., 1999; Mishra et al., 2009; Alvarez et al., 2010a), an
absence of M2 activation phenotype in the CNS is associated with
severe neurological manifestations and mortality (Gundra et al.,
2011; Mishra et al., 2011). Although the factors regulating M2
microglia/macrophages functions in NCC brains are not com-
pletely understood, of particular importance are glycan antigens
containing terminal galactose and galactosamine that are released
from the parasite in the CNS during murine as well as in human
NCC (Alvarez et al., 2010a). These glycans released in the CNS
microenvironment interact with the infiltrating macrophages
(Dell et al., 1999; Alvarez et al., 2008), suggesting a possible role
for the host lectin receptors in M2 cell-associated functions in the
CNS, a highly understudied area.

Galectins are host lectins that can recognize pathogen- or host-
derived B-galactosides (Rabinovich et al., 2002; Sato et al., 2009).
They interact with carbohydrates through conserved carbohydrate-
recognition domains and contribute to homeostatic as well as
immune-modulatory functions in several pathological condi-
tions (Cooper et al., 2012). Among all the galectins (galectin-1 to
galectin-15), galectin-3 is a unique member of the galectin family
with the presence of unusual tandem repeats of proline- and
glycine-rich regions (Cooper, 2002; Leffler et al., 2002). Although
galectin-3 is known to influence M2 macrophage development and
trafficking (MacKinnon et al., 2008), virtually nothing is known
about its role in M2 macrophage/microglia functional phenotype in
chronic CNS pathological conditions.

The goal of this study was to identify the expression and dis-
tribution of galectin-3 in a murine model of NCC. We compared
the susceptibility and immunopathology, including the dynamics
of leukocytes infiltration in the CNS, between the Galectin-3~"~
and WT NCC mice. As galectin-3 was primarily detected in infil-
trating M2 macrophages, galectin-3-sufficient M2 macrophages
were adoptive transferred into the Galectin-3~"~ NCC mice to
analyze resolution of the CNS inflammation and disease severity.
We here report a protective role of M2 macrophage-specific galectin-3
in mitigating CNS pathology and disease severity, by regulating
efferocytosis-mediated neutrophil turnover during brain para-
sitic infection.

Materials and Methods

Mice. Female mice 4-6 weeks of age were used in this study.
Galectin-3~"" mice on C57BL/6 were purchased from The Jackson Lab-
oratory. C57BL/6 mice were obtained from Charles River and used as
wild-type (WT) controls. Both WT and Galectin-3 ~/~ mice were bred in
the animal facility of the University of North Dakota. The animals were
used according to institutional and federal guidelines. Upon consider-
ation of the relevant biological variables, we studied female mice because
all the studies to date performed in the mouse model of NCC to recapit-
ulate the disease development and neuropathology have been performed
with female mice only.
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Murine model of NCC. M. corti metacestodes used in this study were
maintained in the peritoneal cavity of BALB/c mice by serial intraperito-
neal inoculation as described by us previously (Mishra et al., 2008, 2011).
The mouse model of NCC was developed as described by (Alvarez et al.,
2010b). Briefly, anesthetized 4- to 6-week-old mice were intracranially
injected with 50 ul of HBSS containing ~40 parasites. Mock control mice
were intracranially injected with 50 ul sterile HBSS using the same pro-
tocol. Death was recorded as infection-induced mortality. Mice display-
ing severe signs of distress (nonresponsiveness to cage tapping) were
humanely killed and also recorded as infection-induced mortality. To
analyze various immunopathological parameters at indicated times after
inoculation, mice were anesthetized with 100 ul of the above mixture,
perfused through the left ventricle with 10 ml cold PBS, before the brains
were aseptically collected.

Parasite burden, histopathological and immunofluorescence (IF) analy-
sis. From the perfused control and parasite-infected mice, the brains were
quickly dissected out, embedded in optimal cutting temperature, and
snap frozen. Serial horizontal cryosections of 10 um in thickness were
placed on silane prep slides (Sigma-Aldrich). The slides were air-dried over-
night and fixed in fresh acetone for 10 s at room temperature. Acetone-fixed
sections were processed immediately for H&E or were wrapped in alumi-
num foil and stored at —80°C to perform IF staining in the future.

For H&E staining, after fixation in 4% formalin for 10 min at room
temperature, slides were washed twice in deionized water, dehydrated for
30 sin 100% ethanol, stained 30 s in hematoxylin, and washed in distilled
water for 2 min (Mishra et al., 2006, 2011). Tissue sections were stained
with eosin for 15 s followed by 2 min treatment with 95% and 100%
ethanol each. Slides were allowed to air dry, then submerged in xylene for
3 min, and mounted using the cytoseal mounting medium (Stephens
Scientific). The number and location of parasites were determined by
microscopic examination of the stained tissues. Tissues were also ana-
lyzed for the presence or absence of infiltrating leukocytes.

For IF microscopy, the frozen brain tissue sections were stained with
relevant antibodies to detect immune parameters, such as galectin-3, and
immune cells (Mishra et al., 2013). Briefly, brain tissue sections were
incubated with specific primary antibodies in staining buffer (PBS buffer
with 3% host serum) to prevent nonspecific binding. After 45 min of
incubations, sections were washed seven times 3 min each in 50 mMm
Tris-HCL, pH 7.6 with 0.1% Tween 20 and incubated with appropriate
secondary antibodies in staining buffer for 30 min. Sections were then
washed seven times 3 min each in 50 mm Tris-HCI, pH 7.6 with 0.1%
Tween 20. For double IF staining, the above-mentioned procedures were
sequentially repeated for each additional staining. The sections were
mounted using FluorSave reagent (Calbiochem) containing 0.3 um DAPI
(Invitrogen). Additional control staining was performed to rule out any
nonspecific staining. In each case, sections were blocked with saturating
concentrations of appropriate host serum antibodies to eliminate false-
positive staining due to FcR-mediated nonspecific binding. Staining in
the absence of primary antibodies provided additional negative controls.
Primary and secondary antibodies used for IF staining are as follows:
rabbit anti-galectin-3 (Abcam) and AlexaFluor-546 or AlexaFluor-488
goat anti-rabbit (Invitrogen), rat anti-mouse 7/4 (Cedarlane), and
AlexaFluor-546 or AlexaFluor-488 Goat anti-rat (Invitrogen), goat anti-
mouse MGL1/2 (R&D Systems), and AlexaFluor-546 or AlexaFluor-488
donkey anti-goat Alexa-488/Alexa-546 (Invitrogen). We evaluated tissue
damage on frozen brain tissue sections from control and parasite-infected
brains by performing the TUNEL staining as per the manufacturer’s
instructions (Millipore Bioscience Research Reagents). In all cases, the
images were acquired using an Eclipse 801 upright microscope (Nikon)
with an attached cooled RTke Spot 7.3 three spot color camera (Diagnos-
tic Instruments). The images were processed and analyzed using Photo-
shop 7.0 software (Adobe).

Brain mononuclear cells isolation and flow cytometric analysis. Mono-
nuclear cells from mouse brains were isolated as described previously
(Mishra et al., 2011, 2016). To prepare single-cell suspension, each per-
fused brain was gently minced using Dounce homogenizer in 3 ml of
HBSS (without Ca**, Mg*™) containing HEPES (10 mm) (Invitrogen).
The mixture was suspended in 30% Percoll and then slowly overlaid on
70% Percoll (GE Healthcare), centrifuged at 500 X g for 30 min at room
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temperature. The interface was collected, pelleted at 200 X g for 5 min
and resuspended in HBSS, washed three times in 1 ml of HBSS with 0.1%
BSA (Sigma-Aldrich), and quantified by trypan blue staining before per-
forming flow cytometric analysis. Following antibodies were used for
flow cytometry: FITC anti-mouse CD11b (clone M1/70), PE-Cy7 anti-
mouse F4/80 (clone BM8), PE anti-mouse TCR v (clone GL-3), PE-Cy7
anti-mouse Siglec F (clone FC50-2440), APC anti-mouse CD206 (clone
C068C2), PE anti-mouse PD-L2 (clone T425), Pacific blue anti-mouse
CD45 (clone 30-F11), and APC anti-mouse Ly6G (clone 1A8) antibodies
(all from Biolegend), and PE-anti-mouse galectin-3 (clone eBioM3/38)
from eBioscience.

Flow cytometric analyses for cell surface expression of relevant mole-
cules were performed on a BD LSRII flow cytometer (BD Biosciences) as
we have previously described (Mishra et al., 2009). For intracellular
galectin-3 staining in macrophages/microglia, cells were rinsed and
stained for relevant surface markers at 4°C. Cells were fixed and perme-
abilized using fixation and permeabilization buffer (eBioscience) before
intracellular galectin-3 was detected by staining in intracellular FACS
buffer (eBioscience) containing PE anti-mouse galectin-3 (eBioscience)
and analyzed on a BD LSRII flow cytometer (BD Biosciences).

RNA isolation and qRT-PCR analysis. The QRT-PCR analysis was per-
formed as described by us previously (Chauhan et al., 2014; Sun et al.,
2014). Total RNA from mock control and parasite-infected brains were
isolated using Trizol reagent following the manufacturers’ instructions
(Invitrogen) and as described by us previously (Mishra et al., 2006, 2008).
One microgram of total RNA from each sample was reverse transcribed
into cDNA by using a high-capacity cDNA reverse transcription kit ac-
cording to the manufacturers’ instructions (Applied Biosystems). Tran-
script levels of galectin-3 or the housekeeping ribosomal 18 S RNA were
analyzed by RT-PCR using specific primers: 18S (forward) 5'-CATGTG
GTGTTGAGGAAAGCA-3'and(reverse)5'-GTCGTGGGTTCTGCATG
ATG-3', galectin-3 (forward) 5'-CAGTGCAGAGGCGTCGGGAAA-3’
and (reverse) 5'-CTGCCCCAGCAGGCTGGTTT-3'. Expression levels
of galectin-3 were normalized to the mRNA level of the housekeeping 18
S RNA gene in the same sample. The fold change was calculated by
dividing the normalized value of galectin-3 in parasite-infected brain
samples with the corresponding normalized value in mock-infected
brain samples.

Macrophage adoptive transfer. For adoptive transfer of M2 macrophages in
vivo, bone marrow cells were isolated from WT mice and differentiated to
macrophages as previously described (Chauhan et al., 2014; Gundra et al.,
2017). Bone marrow-derived naive macrophages on day 6 of differentia-
tion were exposed to IL-4 (20 ng/ml, PeproTech) for 24 h to generate the
M2-anti-inflammatory phenotype, respectively, in vitro (Girgis et al.,
2014; Gundra et al,, 2014). The M2 macrophages were labeled with car-
boxyfluorescein succinimidyl ester (CFSE; Cell Trace CESE Cell Prolif-
eration Kit, Invitrogen) CellTracker at 37°C for 15 min as described by us
previously (Jondle et al., 2016). The 5 X 10° labeled cells were then
injected intravenously via tail vein (Jondle et al., 2016) into WT and
Galectin-3""" mice intracranially infected with M. corti for 6 d before
transfer. As control, WT and Galectin-3~/~ mice undergoing NCC in the
same experimental setup were injected with vehicle only. Twenty-four
hours after transfer, brains were harvested and processed for various
immunopathological analyses on parameters by following the above-
mentioned experimental protocols (see Results).

Ex vivo efferocytosis. For these studies, peritoneal neutrophils were
isolated from WT mice 1216 h after intraperitoneal injection of sterile
4% thioglycollate (BD Biosciences) (Swamydas et al., 2015). For macro-
phages, WT and Galectin-3"'~ mice were injected intraperitoneally with
4% thioglycollate on day 0. On days 0 and 2, mice were injected intra-
peritoneally with IL-4c mixture containing 5 ug of recombinant murine
IL-4 (PeproTech) and 25 pg of anti-IL-4 mAB (11b11, BioXcellM),
whereas control animals received vehicle, PBS. On day 4, peritoneal exu-
date cells were harvested and macrophages were analyzed for expression of
M1/M2 mediators by flow cytometry and RT-PCR before they were used for
efferocytosis analysis ex vivo. To compare efferocytosis by M2 macrophages
induced by parasite infection, WT and Galectin-3~/~ mice were infected
intraperitoneally with M. corti (80—100 in numbers) and peritoneal exudate
cells were harvested after 4—5 weeks after infection to collect M2 cells. Mock
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control mice instead received vehicle (PBS). On day 4, peritoneal exudate
cells were harvested to purify naive macrophages for their role in this process.
To obtain neutrophils, WT mice were injected intraperitoneally with 4%
thioglycollate for 16—18 h.

The purity of the cells was ascertained by flow cytometry analysis
(Ly6G ™ neutrophils 80%—85%; F4/80 * macrophages 85%-90%). Iso-
lated neutrophils were labeled with CFSE (Cell Trace CFSE Cell Prolifer-
ation Kit, Invitrogen). Macrophages seeded on 6-well plates (1 X 10°
cell/ml) were incubated with CFSE-labeled neutrophils at a ratio of 5:1
(neutrophils/macrophages). After 2 h of efferocytosis, noninternalized
neutrophils were removed by washing thoroughly. Macrophages were
scraped and stained with F4/80 and Ly6G antibodies for flow cytometry.
Gating scheme to quantitate Ly6G ~F4/80 "CFSE * efferocytic macro-
phages that had internalized labeled neutrophils is shown in Figure 8. For
individual experiments, efferocytic index was calculated as a percentage
of Ly6G “F4/80 "CFSE " macrophages from WT and Galectin-3"/~
mice that engulfed neutrophils (Jondle et al., 2016).

Statistical analysis. The survival of the infected WT and Galectin-3""~
mice was compared using Log-rank (Mantel-Cox) Test. The statistical
comparison between levels of host mediators was done with Student’s ¢
test using Sigma Plot 8.0

Results

Galectin-3 is abundantly expressed in M2 macrophage
recruited into the CNS during murine NCC

To examine the role of galectin-3 in parasite-infected brains, its
transcript level of expression was determined by qRT-PCR using
RNA from mock and M. corti intracranially infected brains. In-
creased mRNA expression of galectin-3 was observed at both 1
and 3 weeks after infection over mock control (~27-fold increase
at 1 week after infection and ~14-fold increase at 3 weeks after
infection) (Fig. 1A). To identify the cell-specific expression of
galectin-3 protein, in situ coimmunostaining was performed on
brain cryosections of mock control and parasite-infected mice. In
mock-infected mice brains, galectin-3 was scarcely detected (Fig.
1B1). In contrast, parasite-infected brains exhibit abundant galectin-3
protein expression (Fig. 1B2,B3). Double IF staining on the
parasite-infected brain sections showed an accumulation of large
numbers of round monocyte/macrophage-like CD11b* or F4/
80 " cells in meninges and ventricles that displayed positive stain-
ing for galectin-3 (Fig. 1B3). We have previously reported that the
infiltrating macrophages in the CNS of mice undergoing NCC
display M2, but not M1, activation phenotype (Mishra et al.,
2011) as these cells express Arg-1, YM1, Fizzl, and other M2
phenotypic cells surface markers MR1, MGL1/2, but not NOS2
(M1 activation phenotypic marker). Indeed, the MGL1/2 * infiltrat-
ing M2 macrophages (Mishra et al., 2011) were stained positive for
galectin-3 (Fig. 1B4), suggesting that the M2 macrophages accumu-
lating in the CNS during parasite infection abundantly express
galectin-3. In addition, some microglia cells as determined by
CD11b ™ staining combined with typical cell morphology and
brain anatomical location exhibited galectin-3 expression (data
not shown). Galectin-3 protein expression was largely undetected in
other nervous tissue or immune cell types: CD11c¢ (dendritic cells),
afT cells, ydT cells, neutrophils (7/4), and B cells (CD19) (data not
shown).

To further characterize the cell-specific expression of galectin-3
in infiltrating macrophage and/or microglia as well as to identify its
cellular localization, flow cytometric analysis was performed. It is
important to note that CD45""F4/80 ™ cells in the CNS are known
to be infiltrating macrophages, whereas CD45 ™F4/80 * cells rep-
resent microglia. Consistent with IF microscopy analysis, galectin-3
was primarily detected in CD45™F4/80 © macrophages in the CNS at
both 1 and 3 weeks after infection (Fig. 2B,C). In contrast, a
lower frequency of CD45™F4/80 * cells that are presumably mi-
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Figure1.

Expression and distribution of galectin-3 in the parasite-infected brains. qRT-PCR analysis and IF microscopy were performed on parasite-infected and mock control mice intracranially

injected with helminth parasite M. corti. A, The total RNA was extracted from the brains at 1and 3 weeks after inoculation, and mRNA expression of galectin-3 was measured by qRT-PCR as described
in Materials and Methods. The fold changes in parasite-infected brains were calculated over the levels in mock control mice using the formula 2 ~ 2. Data shown are the mean = SEM of 3 or 4
mice per time point in two independent experiments. B, Double immunofluorescence staining was performed on brain tissue cryosections from mock (B7) or parasite-infected C57BL/6 mice
(B2-B4). Nuclei (blue) were stained with DAPI. Galectin-3 was stained using an affinity purified anti-mouse Galectin-3 goat G followed by AlexaFluor-488-labeled (green) goat anti-rabbit lgG.
Galectin-3 expression was covisualized with macrophages using an affinity purified anti-mouse F4/80 AlexaFluor-488-labeled (green) (B3) or MGL1/2 ™ cells using an affinity purified anti-mouse
MGL1/2 goat IgG followed by AlexaFluor-546-labeled (red) donkey anti-goat IgG (B4). Images shown are representative of 3 independent experiments with 3 or 4 mice each. Original magnification < 20.

croglia displayed galectin-3-positive staining (Fig. 2B, C). Inter-
estingly, the majority of the CD45™F4/807 cells exhibited
intracellular staining of galectin-3 (Fig. 2B,C). In both 1 and 3
weeks after infection of mice brains, 80%—-90% of the CD45 ™F4/
80 " cells were MGL1/2 " or PDL2 * (data not shown), indicating
that the galectin-3 expression is largely localized to the M2 mac-
rophages in the CNS of M. corti intracranially infected mice un-
dergoing NCC.

Galectin-3~'~ mice exhibit increased disease severity during
murine NCC

Inlight of abundant expression of galectin-3 in M2 macrophages,
we sought to examine the role of galectin-3 in overall disease
severity during parasite infection of the brain. For this, the
development of neurological signs and survival of WT and
Galectin-3~"" were compared. Neurological signs related to in-
tracranial M. corti infection, including abnormal vestibular func-
tion, tilted head, and cerebral abnormalities, were observed
between 2 and 3 weeks after infection in WT mice. However,
infected Galectin-3""" mice displayed these signs much earlier
and were more accentuated between 2 and 3 weeks after infec-
tion. Importantly, M. corti-infected Galectin-3~"" mice exhibited
decreased survival compared with the WT (Fig. 3A). At 3 weeks
after infection, only 40% (4 of 10) of the M. corti intracranially
infected Galectin-3"/" survived the CNS infection as opposed to
100% (9 of 9) of the WT mice (Fig. 3A; p < 0.005). Together,
these data suggest a protective role of galectin-3 in the pathogen-
esis of CNS parasite infection, possibly relating to its expression
in the infiltrating M2 macrophages in the CNS.

Galectin-3~'~ mice exhibit no defect in parasite clearance or
their segregation

Microscopic analysis of the H&E-stained serial brain cryosections
was performed to determine the clearance of parasites and/or their
extravasation into specific CNS areas in the absence of galectin-3. No
statistically significant difference in the parasite loads was observed
in the CNS of WT and Galectin-3~/~ NCC mice at 1 and 3 weeks
after infection (Fig. 3B). Moreover, brain parenchyma or extrapa-
renchyma of WT and Galectin-3"'" mice at 1 and 3 weeks after
infection exhibited no statistically significant difference in parasite
count (Fig. 3B), although the Galectin-3~/~ mice tended to exhibit
relatively lower numbers of organisms in extraparenchymal regions
(Fig. 3B). Thus, the protective function of galectin-3 did not appear

to relate to parasite clearance and/or their segregation to specific
CNS sites of infected mice.

Galectin-3~'~ mice exhibit severe neuropathology

We evaluated the gross CNS immunopathological changes in
mock and intracranial M. corti-infected WT and Galectin-3~""~
mice. H&E-stained brain cryosections of the control animals of
both strains that were intracranially inoculated with HBSS dis-
played similar normal brain tissue morphology with scarce pres-
ence of immune cells (Fig. 3C). In the parasite-infected WT mice
brains, the presence of mixed leukocyte subsets was detected. A
majority of these infiltrating cells appeared to be monocytes/
macrophages at both 1 and 3 weeks after infection (Fig. 3C, inset).
In contrast, infected Galectin-3~'" mice brains appeared to ex-
hibit an increased CNS inflammation with transiently higher
numbers of infiltrating immune cells compared with WT mice.
In addition to the high numbers of immune cells with morphol-
ogy consistent with monocytes/macrophages, polymorphonu-
clear cells were abundantly detected between 2 and 3 weeks after
infection in Galectin-3~/~ mice compared with their WT coun-
terparts (Fig. 3C, inset, shown at 3 weeks after infection). To
examine the impact of galectin-3 deficiency on the tissue pathol-
ogy, TUNEL staining was performed on the brain tissue sections
of WT and Galectin-3~'~ mice. Very little to no TUNEL " cells
were detected in the CNS of mock (Fig. 3D) and at 1 week after
infection (data not shown) in WT and Galectin-3""" mice. At 3
weeks after infection, the TUNEL staining remained low in the
WT brains, which was in contrast to the Galectin-3"'" brains that
displayed increased TUNEL-detected staining at that time after
infection (Fig. 3D). Interestingly, this increased TUNEL staining
was detected in immune cells present in the extraparenchymal
regions and surrounding nervous tissue cells in the CNS of
Galectin-3""" mice. These data suggest that absence of galectin-3-
dependent responses leads to greater CNS inflammatory pathol-
ogy during NCC.

To further examine the impact of galectin-3 deficiency on
inflammatory response, levels of multiple inflammatory cyto-
kines and chemokines in brain homogenates were compared be-
tween WT and Galectin-3""" mice intracranially inoculated with
HBSS or M. corti (Fig. 4). CBA analysis for key inflammatory
molecules TNF-a, IL-1, and IL-12p70 showed low basal levels
of these cytokines in WT and Galectin-3~'~ mice brains (Fig. 4).
In contrast, M. corti-infected WT and Galectin-3"/" mice brains
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Figure2.

Infiltrating M2 macrophages in the parasite-infected brains express galectin-3 in the cytosol, but not on cell surface. Mice were injected intracranially with HBSS (mock) or 60 helminth

parasite (infected), and brain mononuclear cells were isolated at 3 weeks after inoculation. A, Schematic for gating (D45 "F4/80 * (macrophages/microglia) cells that express galectin-3.
B, Representative scatter plots from 3 independent experiments showing percentage of (D45 "F4/80 ™ (infiltrating macrophages) or (D45™™F4/80 * (microglia) cells from the brains of mock-
infected and parasite-infected mice exhibiting intracellular or cell surface expression of galectin-3. €, Galectin-3 expression was quantified in (D45 "F4/80 * macrophages or (D45 ™F4/80 *
microglia from 3 independent experiments. (D45hiF4/80 * GAL 3™ cells intracellular (n = 6); (D45"F4/80 * GAL 3 ™ cell surface (n = 6); (D45i™F4/80 © microglia intracellular (n = 6);

(D45i"F4/80 * microglia surface (n = 6). p values (t test).

exhibited increased levels of these mediators at 1 and 3 weeks after
infection, albeit there were no statistically significant differences
in IL-1B and IL-12p70 levels between infected Galectin-3~'" and
WT mice (Fig. 4). TNF-a was detected at a lower level in
Galectin-3""" mice at 3 weeks after infection, compared with the
WT counterparts (Fig. 4). On the other hand, significantly higher
levels of neutrophil chemo-attractants (CXCL1) and monocyte/
macrophage chemo-attractants (CCL2, CCL4) were detected in
the brain homogenates of parasite-inoculated Galectin-3~""
mice at 1 week after infection compared with the WT. Intrigu-
ingly, no significant differences in the levels of these chemokines
were detected in the CNS of Galectin-3"'" mice at 3 weeks after
infection (Fig. 4), a time of peak disease severity displayed by
them. Our results suggest a possibility of higher accumulation of
polymorphonuclear cells together with increased cell death in the
CNS to be likely the cause of enhanced disease severity observed
in Galectin-3""" mice after brain parasite infection.

Galectin-3"'~ mice display increased neutrophil and M2
macrophage accumulation in the CNS after parasite infection
The majority of the immune cells recruited to the brain after
parasite infection are macrophages (2-3 d after infection), y8 T

cells (3-5 d after infection), dendritic cells (1 week after infec-
tion), af T cells (1 week after infection), and B cells (3 weeks after
infection) (Mishra et al., 2006, 2016; Gundra et al., 2011). In the
M. corti-infected brains, macrophages are the most predominant
leukocyte populations, whereas neutrophils are detected in rela-
tively in low numbers throughout the infection process (Cardona
etal.,, 1999). Within this context, H&E analysis of the brain cryo-
sections of M. corti parasite-infected Galectin-3"/~ mice ap-
peared to display a massive increase in numbers of infiltrating
cells with morphology consistent with neutrophils (Fig. 3C). To
determine whether a deficiency of galectin-3 alters neutrophil
numbers in the CNS, the expression of neutrophil marker 7/4 was
analyzed by in situ IF microscopy. In mock-infected brains of
both WT and Galectin-3""" mice, 7/4+ cells were scarcely de-
tected (Fig. 5A). In the WT brain at 1 week after infection, little
change in the numbers of 7/4+ cells was detected compared with the
mock control mice, which increased by 3 weeks after infection.
Parasite-infected Galectin-3"/" brains, on the other hand, exhib-
ited a massive increase in 7/4+ cells at 3 weeks after infection
compared with WT mice (Fig. 5A). This suggested that the ab-
sence of galectin-3 results in increased of neutrophils accumula-
tion in the infected brain.
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Figure 3.  Galectin-3""" mice exhibit reduced survival and increased brain pathology despite exhibiting similar parasite burden as the WT mice. A, WT and Galectin-3

Quenum Zangbede et al. @ M2 Macrophage Galectin-3 Controls Neutrophilia and Neuropathology

_ GAL 3+

—/—

mice were

intracranially infected with 60 M. corti and were assessed daily for disease severity. The survival was monitored for 3 weeks after inoculation. Statistical comparison of susceptibility was done by
Log-rank (Mantel—Cox) Test (n = 9 or 10). B, Number of parasites at 1 and 3 weeks after infection in whole-brain (WB), parenchymal (P), and extraparenchymal (EP) regions in individual
Galectin-3~/~ and WT brains were calculated by microscopic examination of serial H&E-stained brain sections. Error bars indicate mean = SEM parasites from 5 or 6 mice per group.
€, Representative microscopic evaluation of H&E-stained brain cryosections from WT and Galectin-3~/~ mice intracranially injected with HBSS (mock) or with 60 parasites at indicated times after
infection. Original magnification X 200. D, IF microscopy analysis was performed on brain cryosections from WT and Galectin-3~/~ mice intracranially infected with intracranially injected with
HBSS (mock) or 60 M. corti parasites to detect TUNEL ™ staining (red). Nuclei (blue) were stained with DAPI. Images are representative of 5 or 6 mice in each group from three independent

experiments.

Next, flow cytometry analysis was performed to enumerate
immune cells infiltrating the CNS of Galectin-3"'~ and WT-
infected mice. Mononuclear cells from the whole brain were iso-
lated at an early stage of infection (1 week after infection) and at
the peak of inflammation (3 weeks after infection) (Figs. 5B, Fig.
6). The numbers of neutrophils in the CNS of Galectin-3~"~ and
WT infected mice were determined by quantifying Ly6G *CD11b "
cells. Consistent with the results from IF microscopy analysis, we
found no significant differences in the percentage as well as ab-
solute numbers of CD11b "Ly6G ™ neutrophils in the CNS of
parasite-infected Galectin-3/~ mice compared with the WT at 1

week after infection (Fig. 5B). However, at 3 weeks after infection,
the numbers of Ly6G "CD11b * neutrophils were significantly
increased in the CNS of parasite-infected Galectin-3~'~ mice
compared with the WT mice (Fig. 5B), confirming that galectin-3
deficiency leads to increased accumulation of neutrophils in the
CNS microenvironment during chronic infection. We found no
significant differences in the numbers of dendritic cells (CD11c ™),
v8 T cells (TCRS™), a3 T cells (TCRB ™), or B cells (CD19 ") at 1
or 3 weeks after infection CNS of Galectin-3~/~ and WT mice
(data not shown). To determine whether the infiltration of M2
macrophages is affected in the absence of galectin-3, the number of
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Figure4. Inflammatory mediators in the CNS of parasite-infected Galectin-3 "~ and WT mice. The brains from mock control and M. corti-infected WT and Galectin-3 "~ mice were harvested

at 1and 3 weeks after infection, homogenized, and the protein level of host immune mediators measured by CBA using flow cytometric analysis (BD Biosciences). Results shown are mean == SEM
of 3 or 4 each infected and mock control mice from 2 or 3 independent experiments. Statistical significance (p values: t test). n = 6.

MRI1* or PD-L2 ™ was enumerated as we previously have shown
that MR1 is upregulated on M2 macrophages in parasite-infected
brains whereas PD-1.2 is a well-known marker of M2 cells (Mishra
etal.,2011; Gundraetal., 2017). Indeed, CD45"F4/80 *MR1 " as
well as CD45™F4/80 "PD-12 * M2 macrophages were detected at
both higher percentage and numbers in the CNS of infected
Galectin-3""" mice at 1 and 3 weeks after infection compared
with their WT counterparts (Fig. 6 A, B). This increased accumu-
lation of M2 macrophages in the CNS of parasite-infected
Galectin-3"/" mice was statistically significant. Together, our
data suggested that galectin-3 in M2 macrophages likely plays a
role in containment of neutrophilia in the CNS.

Adoptive transfer of M2 macrophage from WT mice reduces
neutrophilia in the CNS and improves disease severity in
recipient Galectin-3~/~ mice during brain parasitic infection
Galectin-3 was found to be expressed primarily in infiltrating M2
macrophages in the CNS of M. corti intracranially infected mice.
Because Galectin-3~'~ NCC mice exhibited neutrophilia and se-
vere disease signs, we sought to examine whether the adoptive
transfer of galectin-3-sufficient M2 macrophages improves the
disease severity. The effect on neutrophil turnover in the CNS
and disease severity was compared in WT and Galectin-3~/" mice
after adoptive transfer of WT M2 macrophages. In initial exper-

iments, macrophages were isolated from the brains of intracrani-
ally infected WT mice to use as donor cells. However, even
though macrophages are the most predominant immune-
infiltrating cells found in the parasite-infected WT mouse brains,
it was difficult to isolate sufficient numbers of these cells from the
brain to perform adoptive transfer experiments in different groups.
Thus, naive bone marrow-derived macrophages were Polarized to
the M2 phenotype using well-characterized stimulus IL-4 for
adoptive transfer experiments. M2 phenotype of these cells was
verified by analyzing M2 markers Arginase-1 and CCL24, but not
NOS2 expression in these cells (data not shown). The M. corti
intracranially infected WT and Galectin-3~"~ NCC mice received
vehicle or WT-M2 cells intravenously at 1 week, and 2 weeks after
infection followed by analysis of neutrophils numbers in the CNS
of recipients. Flow cytometry analysis revealed that the intrave-
nously injected WT-M2 cells migrated into the CNS microen-
vironment of the recipient Galectin-3~"" or WT mice with
similar relative efficiency (Fig. 7-1, available at https://doi.org/
10.1523/JNEUROSCI.3575-17.2018.f7-1). Indeed, ~20% of the
CFSE-labeled WT-M2 cells (F4/80 "CFSE™) injected intrave-
nously migrated into the CNS of the infected recipient mice at
24 h after adoptive transfer (Fig. 7-1, available at https://doi.org/
10.1523/JNEUROSCI.3575-17.2018.f7-1). In situ IF microscopy
with anti-7/4 was performed on brain cryosections from recipi-
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Parasite-infected Galectin-3—"" mice exhibit increased neutrophil accumulation in brain. A, IF microscopy on brain cryosections from WT and Galectin-3~/~ mice intracranially

injected with HBSS (mock) or with 60 parasites at 1 and 3 weeks after infection. Neutrophils (7/4+) were detected by using an affinity purified anti-mouse 7/4 goat IgG followed by AlexaFluor-
546-labeled (red). Nuclei (blue) were stained with DAPI. Images shown are representative of 3 independent experiments with 3 or 4 mice each group. B, Flow cytometry analysis of CD11b and Ly6G
on brain mononuclear cells harvested from M. corti-infected WT and Galectin-3~/~ mice at 1 and 3 weeks after infection. The cells were double-stained with anti-Ly6G-APC and anti-CD11b-Pacific
Blue antibodies as markers for neutrophils. Representative contour plots show (D11b " Ly6G ™ neutrophils in brains of parasite-infected WT and Galectin-3~/~ mice. Right, Bar graph represents
mean + SEM of percentage of (D11b *Ly6G ™ neutrophilsin brains of M. corti-infected WT and Galectin-3 "~ mice each from 3 independent experiments. Statistical significance (n = 6). p values

(ttest).

ent mice at 3 weeks of NCC to detect the accumulation of neu-
trophils. Transfer of WT-M2 (experimental group: WT
NCC-WT M2) or vehicle (experimental group: WT NCC-
Vehicle) into the intracranially infected WT mice caused no ap-
parent change in the number of 7/4+ neutrophils accumulated in
the CNS (Fig. 7B). On the other hand, infected Galectin-3"~

mice intravenously injected with vehicle (experimental group:
Galectin-3~""NCC-Vehicle) at 1 and 2 weeks after infection re-
vealed the abundant presence of 7/4+ neutrophils in the CNS,
which was substantially more compared with the experimental
group: WT NCC-WT M2 (Fig. 7B). Importantly, transfer of WT
M2 cells into intracranially infected Galectin-3~"" mice (experi-
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Parasite-infected Galectin-3 /" mice exhibitincreased M2 macrophages accumulation in brain. Brain mononuclear cells were harvested from M. corti-infected WT and Galectin-3 7~

mice at 1 and 3 weeks after infection. Cells were costained with anti-CD45-Pacific Blue, anti-F4/80-PE-cy7, along with anti-MR-1-APC or anti-PD-L2-PE. 4, Representative scatter plots showing
percentage of (D45 "F4/80 * MR1 * M2 macrophages at 1and 3 week postinfected brains. Bar graph represents the average = SEM from 3 mice per group in 3 independent experiments. Statistical
significance. B, Representative scatter plots showing percentage of (D45 "F4/80 " PDL-2 ™ M2 macrophages at 1 and 3 week postinfected brains. Bar graph represents the average = SEM from 3

mice per group in 3 independent experiments. Statistical significance (p values: ¢ test).

mental group: Galectin-3~'"NCC- WT M2) resulted in a signif-
icant decrease in the number of 7/4+ neutrophils accumulated
in the CNS compared with the Galectin-3~'~NCC mice that re-
ceived vehicle only (Fig. 7B). These results confirmed that
Galectin-3-expressing M2 macrophages regulate neutrophilia in
the CNS during brain parasitic infection.

To determine whether adoptive transfer of galectin-3-sufficient
WT-M2 cells would prevent disease severity in Galectin-3~"~
NCC mice, WT and Galectin-3~"" mice inoculated intracranially
with M. corti were intravenously injected with vehicle or WT M2
cells at 1 week, and 2 weeks after infection as discussed above. WT
NCC-Vehicle displayed typical neurological signs (abnormal ves-
tibular function, tilted head, and cerebral abnormalities) by 3
weeks after infection. These infection-induced disease signs ap-
peared earlier and were more pronounced in Galectin-3~""
NCC-vehicle group of mice. In addition, these Galectin-3~/~"NCC
mice that received vehicle exhibited decreased survival (Fig. 7C).

By 26 d after infection, 25% of M. corti-infected WT mice suc-
cumbed to the infection compared with 80% of Galectin-3""~
mice (4 of 5) (Fig. 1, p < 0.005). In contrast, none of the
Galectin-3"""NCC-WT M2 mice exhibited severe neurological
signs during the 3 weeks after infection and all survived the infec-
tion. These data strongly showed that adoptive transfer of
Galectin-3-sufficient M2 macrophages ameliorated disease se-
verity and improved survival during CNS parasite infection in
Galectin-3""" mice.

Galectin-3~'~ M2 macrophages exhibit impaired
efferocytosis of neutrophils

A prominent anti-inflammatory and tissue-reparative function of
M2 macrophages is efferocytic clearance of infiltrating immune cells
(Bystrom et al., 2008; Mosser and Edwards, 2008; Fernandez-
Boyanapalli et al., 2010; David and Kroner, 2011). To gain mech-
anistic insights into the role of Galectin-3 expressed in M2
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Galectin-3-expressing M2 macrophages exhibit protective role during NCC infection. A, Schematic representation of the adoptive transfer experiment as described in Materials and

Methods. Purified bone marrow macrophages from WT mice were differentiated to M2 phenotype (WT M2) by exposure to IL-4 in vitro. WT (WT NCC) or Galectin-3~"~ (GAL3 ~/NCC) mice,
undergoing NCC due to intracranial infection with M. corti, received WT M2 (WT NCC + WT M2; GAL3 ~/~ NCC -+ WT M2) or vehicle (WT NCC + Veh; GAL3 ~/NCC + Veh) at 1and 2 weeks after
infection Disease severity among these four groups was compared at 3 weeks of NCC. B, Top, Representative images of H&E-stained brain cryosections. Bottom, IF microscopy images of brain
cryosections to compare accumulation of 7/4+ (green) neutrophils. Nuclei (blue) were stained with DAPI. Bar graph represents 7/4+ neutrophils manually counted from images shown at bottom
from 3 independent experiments with 3 mice per experiment. p values (t test). €, The survival of WT NCC and Galectin-3 "~ NCC mice adoptively transferred with WT-M2 macrophages or vehicle
was monitored for 3 weeks. Statistical significance was determined by Student’s ¢ test. p values (ttest and Log-rank [Mantel—Cox] Test). Migration of CFSE-labeled WT-M2 cells (F4/80 * CFSE *)into
the CNS of the recipient WT and Galectin-3~~ NCC mice at 24 h postadoptive intravenous transfer is presented in Figure 7-1 (available at https://doi.org/10.1523/INEUR0SCI.3575-17.2018.£7-1).

macrophages in regulating neutrophil accumulation in
helminth-infected brains, we compared ex vivo efferocytosis of
CFSE-labeled neutrophils by M2 macrophages from WT and
Galectin-3"'~ mice by flow cytometry (Fig. 8). For this,
Galectin-37'" and WT peritoneal M2 macrophages isolated
from the M. corti intraperitoneally infected (Fig. 8B) or
thioglycollate+IL-4 complex intraperitoneally injected mice
(Fig. 8C) were incubated with CFSE-labeled neutrophils. M2
phenotype of macrophages was ensured by flow cytometry
analysis of differential expression of M1/M2 markers PD-L2,
MR-1, ARG-1, and NOS2, as described above (Fig. 8-1, available
at https://doi.org/10.1523/JNEUROSCI.3575-17.2018.f8-1; and
data not shown). As shown in Figure 8B, B’, after 3 h of incuba-
tion, efferocytic uptake of CFSE-labeled neutrophils was signifi-
cantly less in Galectin-3"/~ M2 macrophages compared with
their WT counterparts. Similar results were obtained with WT
and Galectin-3"'~ M2 macrophages differentiated with perito-
neal injection of IL-4 complex (Fig. 8C,C’"). These data strongly
suggested that galectin-3 expression in M2 macrophages is re-
quired for efferocytic uptake of neutrophils by these cells.

Discussion
Increasing evidence from several experimental neuropathologi-
cal models, such as in traumatic brain injury, suggests that M2

macrophages are the first to infiltrate into CNS tissues (David and
Kroner, 2011; Wang et al., 2013). As the injury persists, a shift to
increased accumulation of M1 phenotypic macrophages in the
CNS coincides with the inflammatory pathologic phase (Naka-
gawa and Chiba, 2015). Whereas regulatory immune mediators,
such as IL-10 and TGF-, have been implicated in M2 cell-
mediated immune suppression/anti-inflammatory response,
important central regulatory mechanisms involved in M2 mac-
rophage functions to contain CNS inflammation and pathology
need to be identified. The data presented here show that, during
brain helminth infection of the CNS, cytosolic galectin-3 is increased
specifically in M2 macrophages, but not substantially in microglia.
Concomitantly, the absence of galectin-3 resulted in a massive in-
crease in the accumulation of neutrophils correlating with height-
ened disease severity in M. corti-infected Galectin-3~'~ mice
compared with WT mice. Galectin-3 deficiency in M2 macrophages
decreased efferocytic clearance of neutrophils by these cells. Impor-
tantly, pathological sequelae, including severe neutrophilia in CNS
parasite-infected Galectin-3~/~ mice, were ameliorated by adoptive
transfer of Galectin-3-sufficient M2 macrophages. Our study shows,
for the first time, a protective role of M2 macrophage-associated
galectin-3 in brain parasitic infection by controlling neutrophil turn-
over in the CNS.
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Galectin-3~~ M2 macrophages exhibit reduced efferocytosis of neutrophils ex vivo. A, Gating scheme to select efferocytic cells and singlet cells gated on FSC-H and FSC-A and the

Ly6G-negative to eliminate untaken neutrophils that may be on the surface of macrophages and CFSE * to quantify the macrophages that internalized the neutrophils (Ly6G ~F4/80 *CFSE ™ cells)
(B). Efferocytosis of CFSE * neutrophils by macrophages from WT and Galectin-3 ~/~ mock control mice that received vehicle (M0-PBS) or M. corti parasite (M2 M. corti) intraperitoneally. B', Bar
graph represents the percentage of Ly6G ~F4/80 " CFSE * macrophages that have internalized CFSE-labeled neutrophils calculated from 3 independent experiments that are shown in the
representative density plots (B). €, Macrophages from WT and Galectin-3~/~ mock control mice that intraperitoneally received vehicle (M0-Thio) or IL4 complex (M2 IL4c) were analyzed for
efferocytosis of CFSE-labeled neutrophils. €', Bar graph represents the percentage of Ly6G ~F4/80 *CFSE " macrophages that have internalized CFSE-labeled neutrophils calculated from 3
independent experiments that are shown in the representative density plots (C). Statistical significance was determined by Student’s t test. p values (t test). Data presented in Figure 8-1 (available
at https://doi.org/10.1523/INEUR0SCI.3575-17.2018.f8-1) show that macrophages in the peritoneal exudate during M. corti infection express M2-, but not M1-phenotypic, immune mediators.

There has been a growing appreciation for a role of macro-
phage/microglia with M2 functional phenotype having a pro-
found role in different aspects of CNS repair and containment of
immunopathology in the brain (Hu et al.,, 2015). Indeed, results

from our previous studies with STAT6 ~/~ or TLR2 ~/~ mice pro-
vide direct evidence for the critical protective role of the myeloid
cells with M2 functional phenotype in the brain microenviron-
ment, during CNS parasite infection (Mishra et al., 2009; Gundra
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et al,, 2011). Here we observed that the parasite-infected
Galectin-3~"" mice, despite showing the presence of an increased
number of M2 macrophages in the CNS compared with their WT
counterparts, exhibit severe neurological signs and are highly sus-
ceptible to the infection. In the CNS of Galectin-3"'" mice, per-
haps the observed elevated amount of the chemokines, including
CCL2, which are known to involve in trafficking of monocytes/
macrophages (Ransohoff et al., 2003; Shi and Pamer, 2011), fa-
cilitates the increased influx of M2 cells. This indicated to us that
the protective function, but not the development, of M2 cells is
dependent on galectin-3. Indeed, in the parasite-infected brains,
galectin-3 was primarily detected in infiltrating M2 macrophages,
and the transfer of Galectin-3-sufficient M2 macrophage from WT
mice reversed the infection-induced CNS pathology and improved
the survival of parasite-infected Galectin-3"'" mice. These results
highlight the importance of galectin-3 in M2 macrophage-
mediated protective functions to contain CNS pathological pro-
cesses. However, it remains to be determined the consequence as
well as the mechanisms involved in the increased accumulation of
M2 macrophages in the CNS of parasite-infected Galectin-3~""
mice. In this regard, it has been suggested that galectins, including
galectin-3, can play a role in immune cell trafficking (Sperandio
et al., 2009; Ge et al., 2013; Jia et al., 2013). However, our results
showed that adoptively transferred galectin-3-sufficient as well as
-deficient M2 macrophages accumulated in the CNS of both WT
and Galectin-3""" mice with similar frequency. This strongly
supports the idea that the enhanced disease severity in
Galectin-3~"~ NCC mice was a direct consequence of a lack of the
galectin-3-mediated response from M2 cells, but not due to a
defect in M2 macrophage development or trafficking (MacKin-
non et al., 2008; Jia et al., 2013).

In M. corti-infected WT mice brains, neutrophils were de-
tected as a minor proportion of the immune cells present in the
brain of M. corti-infected WT mice. Earlier studies have also iden-
tified similar low numbers of neutrophils in the CNS microenvi-
ronment during murine NCC (Cardona et al., 1999). However,
infected brains in Galectin-3~/~ mice display a massive increase
in the number of neutrophils compared with the WT mice, sug-
gesting a role for galectin-3 in regulating neutrophil turnover.
The transfer of M2 macrophage from WT could reverse this in-
crease of neutrophil accumulation in the CNS microenviron-
ment of M. corti-infected Galectin-3"/" mice, thus providing
additional support for a role of galectin-3 in M2 macrophage-
mediated containment of neutrophilia. In this regard, lower
numbers of immune cells have been observed to extravasate
through parenchymal vessels than the pial vessels until 5 weeks
after infection in this model (Alvarez and Teale, 2006). This,
coupled with our results showing detection of TUNEL ™" cells
primarily in extraparenchyma in Galectin-3"/" mice, leads us to
speculate that the observed galectin-3-mediated M2 macrophage
function in containment of neutrophilia occurred at the menin-
ges. On the other hand, as galectin-3 played a role in peritoneal
M2 macrophage-mediated efferocytosis of neutrophils, we antic-
ipate it to play a similar role in parenchymal M2 macrophage-
mediated function in chronic CNS disease conditions. Nevertheless, the
observation that the increase of neutrophil accumulation in the
CNS microenvironment of M. corti-infected Galectin-3~/" mice
is exciting, as the absence of M2 macrophages has been shown to
associate with increased neutrophilia and reduced eosinophilia
during infection with a nematode parasite, Brugia malayi, but the
mechanism remained unknown (Loke et al., 2007). Indeed, in M.
cortiintraperitoneally infected Galectin-3~'" mice, we observed a
reduced eosinophilia coinciding with the increased neutrophilia
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(data not shown) further supporting a fundamental role of M2
macrophage-associated functions of galectin-3 in controlling
neutrophilia. Although the molecular pathway of galectin-3-
mediated containment of neutrophilia in the CNS microenviron-
ment remains to be determined, our data showing a defect in
efferocytosis of neutrophils by Galectin-3~/~ M2 macrophages in
vitro suggests its regulatory role in efferocytic ability of these cells.
In this context, a recent report has suggested that galectin-3 ex-
pressed and secreted by neutrophils autoregulate their turnover
during a self-resolving model of peritonitis with zymosan injec-
tion (Wright et al., 2017). It has further been suggested that
galectin-3 secreted by neutrophils facilitates efferocytosis of these
cells by interacting with its ligand on macrophage surface (Mu-
karo et al., 2013). However, the data from our studies clearly
suggested a cytosolic, but not extracellular, presence of galectin-3
in M2 macrophages in parasite-infected brains. Moreover, if se-
creted galectin-3 was involved in containing neutrophilia in
parasite-infected brain, we would expect to detect galectin-3 on
the surface of macrophages and/or neutrophils, which was not
the case. Thus, galectin-3 in M2 macrophages regulates neutro-
phil turnover by efferocytosis in the CNS microenvironment.
Mechanistically how cytosolic galectin-3 regulates neutrophil
efferocytosis by M2 macrophages needs to be identified. One
possibility is that internalization of apoptotic cells requires mac-
rophages to dynamically reorganize their actin cytoskeleton to
drive F-actin formation around apoptotic cells, forming a so-
called phagocytic cup, which then promotes mechanical retrac-
tion of the phagosome into the cell (Yurdagul et al., 2017).
Perhaps galectin-3 plays a role on cytoskeleton rearrangement
(Sanoetal.,2003) in M2 macrophages to facilitate efferocytosis of
neutrophils, a hypothesis we are currently testing in our laboratory.

The findings that several signature inflammatory mediators
are present at a similar level in the CNS Galectin-3"'" mice de-
spite exhibiting low survival raised the fundamental question of
whether M2 subsets are sufficient to contain NCC and other CNS
pathological conditions. Indeed, in human NCC patients, the
hyperinflammatory responses in the CNS thought to contribute
to tissue pathology and mortality (Nash et al., 2006). Thus, along
with antiparasitic drugs, treatment of NCC patients with immuno-
suppressive/anti-inflammatory factors, such as corticosteroids, is
frequently used to control the associated neuropathology, despite
the life-threatening side effects associated with long-term treat-
ments with steroids (White, 1997). Within that context, we and
others have shown that a decreased expression of the inflamma-
tory mediators in M. corti-infected y8T~'~ or MyD88 ™/~ mice is
associated with reduced pathology and longer survival times. But
despite the presence of lower brain levels of these inflammatory
mediators, M. corti-infected TLR2 ™/~ mice presented an in-
creased CNS pathology and disease signs (Gundra et al., 2011).
We have also shown that the reduced numbers of M2 macro-
phages observed in TLR2 ~/~ mice, and more importantly in the
CNS of STAT6 '~ mice, coincided with severe disease signs in
murine NCC (Mishra et al., 2011). Thus, the findings from these
studies that galectin-3 can profoundly influence M2 macrophage
cell functions in the CNS may be directly relevant to human
disease notably involving CNS pathological conditions.
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