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Introduction

Summary

Recently, parasite infections or parasite-derived products have been
suggested as a therapeutic strategy with suppression of immunopathology,
which involves the induction of regulatory T cells or/and T helper type 2
(Th2) responses. In a recent study, researchers reported that constructed
recombinant galectin (rTl-gal) isolated from an adult worm of the
gastrointestinal nematode parasite Toxascaris leonina attenuated clinical
symptoms of inflammatory bowel disease in mice treated with dextran
sulphate sodium. Noting the role of rTl-gal in inflammatory disease, we
attempted to investigate the effect of the parasite via its rTl-gal on
disease using experimental
encephalomyelitis (EAE), a mouse inflammatory and demyelinating
autoimmune disease model of human multiple sclerosis. In this model,
rTl-gal-treated experimental autoimmune encephalomyelitis (EAE) mice
failed to recover after the peak of the disease, leading to persistent central
nervous system (CNS) damage, such as demyelination, gliosis and axonal
damage. Further, rTl-gal-treated EAE mice markedly increased the
number of CD45R/B220" B cells in both infiltrated inflammation and the
periphery, along with the increased production of autoantibody [anti-

neuronal autoimmune autoimmune

myelin oligodendrocyte glycoprotein (MOG)s5_55] in serum at chronic
stage. Upon antigen restimulation, rTl-gal treatment affected the release
of overall cytokines, especially interferon (IFN)-y and tumour necrosis
factor (TNF)-a. Our results suggest that galectin isolated from a
gastrointestinal parasite can deliver a harmful effect to EAE contrary to
its beneficial effect on inflammatory bowel disease.

Keywords: experimental autoimmune encephalomyelitis (EAE), parasite
galectin, Toxascaris leonina

T helper cell polarization towards Th2 or regulatory T

Both the incidence and prevalence of autoimmune dis-
eases are rising rapidly worldwide, generating consider-
able interest in analysing the relationship between this
rise in prevalence and pathogen infection. Despite decades
of research, a clear causal relationship between pathogen
infections and autoimmune disease remains -elusive.
Among various kinds of pathogens, parasites have evolved
effective immune regulation strategies for immune sur-
veillance evasion and prolonged habitation in immuno-
competent hosts [1]. The widely accepted hypothesis for
the immune response against parasite infection involves
the modified T helper type 2 (Th2) response, that biases

cell subsets [2,3]. Based on this theory, a substantial
number of studies have investigated the immunomodula-
tory mechanisms of parasite-derived molecules to develop
parasite-derived therapeutic agents which can suppress
bystander response to self-antigens [4].

Among many candidate parasite-derived immunomodu-
lators, parasitic galectins probably perform similar func-
tions to vertebrate galectins, which are recognized
increasingly as immunological mediators of homeostasis
and disease regulation because they are conserved evolutio-
narily [5]. In a recent study, researchers reported that con-
structed recombinant galectin (rTl-gal) isolated from an
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adult worm of the gastrointestinal nematode parasite Tox-
ascaris leonina attenuated clinical symptoms of inflamma-
tory bowel disease in mice treated with dextran sulphate
sodium (DSS) [6]. This galectin gene of T. leonina has
been shown to be 35% similar to human galectin-9 and
almost 90% identical with other parasite galectins. When
this recombinant Tl-gal was administered to the DSS-
induced colitis model, suppression of pathology was seen
with the induction of interleukin (IL)-10 and transforming
growth factor (TGF)-f.

Nevertheless, some researchers have suggested that
galectins have evolved via independent paths in the verte-
brate and invertebrate lineages [7]. Although rTl-gal may
have similar functions to human galectin-9 in the DSS-
induced colitis model, the possibility still remains that in
other circumstances rTl-gal may perform distinct func-
tions from host galectin. In this study, in an effort to
investigate the role of parasitic galectin in other neuronal
autoimmune disease, we decided to examine the impact
of rTl-gal during the development of a multiple sclerosis
(MS) murine model of experimental autoimmune
encephalomyelitis (EAE). Our results showed that, in the
EAE model, rTl-gal treatment unexpectedly triggered
extensive demyelination and chronic disease activity by
enhancing the production of pathogenic autoantibody
and proinflammatory cytokines. These data identify the
role of parasitic galectin in the pathogenesis of neuronal
autoimmune disease, raising the possibility that parasite-
derived molecules might promote humoral autoimmunity
as well as induce a Th2 response.

Materials and methods

Mice

Female C57BL/6 mice aged 6—8 weeks were purchased
from Orientbio, Inc. (Sungnam, Korea). All mice were
housed and bred in conventional animal facilities with an
NIH-07-approved diet and maintained in a 12/12-h light/
dark cycle in temperature-controlled facilities. The study
reported herein conformed to the Animal Care and Use
of Laboratory Animals of the Jeju National University
and protocol was approved by Jeju National University
Institutional Animal Care and Use Committee (accredita-
tion no. 2012-0011). All efforts were made to minimize
the number of animals used and to reduce animal suffer-
ing. Researchers and animal care staff observed and
monitored all animals daily. In all cases, animal were
euthanized by diethyl ether.

Induction and assessment of experimental
autoimmune encephalomyelitis (EAE)

The mouse peptide autoantigen myelin oligodendrocyte
glycoprotein (MOG);5_s55 (M-E-V-G-W-Y-R-S-P-F-S-R-V-

V-H-L-Y-R-N-G-K) was synthesized (purity >95%) by
Biosynthesis Inc. (Lewisville, TX, USA). EAE was induced
in C57BL/6 mice by subcutaneous (s.c.) injection into the
hind flank with 200 pg of MOG;s_ss peptide in complete
Freund’s adjuvant (CFA) (Difco, Detroit, MI, USA) con-
taining 500 pg of heat-inactivated Mycobacterium tubercu-
losis. Supplementary injections of 200 ng pertussis toxin
(List Biologic, Campbell, CA, USA) were given intrave-
nously (i.v.) on the same day and 2 days later. Clinical
assessment of EAE was as follows: 0, no clinical signs; 1,
flaccid tail; 2, hind limb weakness or abnormal gait; 3,
complete hind limb paralysis; 4, complete hind limb
paralysis with forelimb weakness or paralysis; and 5, mor-
ibund or deceased. Immunological analyses were carried
out 60-62 days after immunization.

Treatment of rTl-gal

The rTl-gal used for this experiment was provided by Dr
Hak Sun Yu (Department of Parasitology, Pusan National
University, Republic of Korea) [6]. For treatment, rTl-gal
(10 pg) or phosphate-buffered saline (PBS) was injected
intraperitoneally (i.p.) every day from days 3 to 9. The
rTl-gal dose was chosen on the basis of our preliminary
dose-finding experiment.

Cell culture and proliferation assay

Cells from the spleens were isolated and prepared in
single-cell suspensions, as described previously  [8].
Briefly, splenocytes were isolated mechanically through a
40 pm strainer. After red blood cell lysis with ammonium
chloride potassium (ACK) lysis buffer for 10 min, cells
were washed with Dulbecco’s PBS (DPBS; cisco-BRL, Life
Technologies, Grand Island, NY, USA). Spleen mononu-
clear cells were then suspended in RPMI-1640 medium
supplemented with 10% (v/v) fetal bovine serum (GiBco-
BRL) and 1% antibiotics (100 U/ml penicillin-streptomy-
cin; ciBco-BRL).

To perform the proliferation assay, 4 X 10° spleen
mononuclear cells per well were incubated in 200 pl culture
medium with MOGs;s_s5 peptide (10 pg/ml), proteolipid
protein (PLP);39_;51 peptide (10 pg/ml) or concanavalin A
(ConA) (5 pg/ml; Sigma, St Louis, MO, USA) at 37 °C in
5% CO, for 3 days, and then pulsed with 1 puCi of [*H]-
methylthymidine (specific activity 42 Ci/mmol; Amersham,
Arlington Heights, IL, USA) for the final 18 h of culture.
Stimulation with ConA was used as a positive control. Cells
were harvested onto glass fibre filters, and the amount of
thymidine incorporated into the DNA was measured by liq-
uid scintillation spectrometer (Wallac Micro Beta® TriLux;
Perkin Elmer, Waltham, MA, USA).

Preparation of tissue and histological analysis

Spinal cords were collected and fixed in 10% formalin
and embedded in paraffin to obtain 3-pm-thick sections.
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Sections were stained with haematoxylin and eosin
(H&E) to assess routine histology and inflammation and
with Luxol Fast Blue to analyse demyelination. The extent
of inflammation was estimated with three to four areas
per tissue section of each mouse (at X100 magnification),
and expressed as mean * standard error of the mean
(s.e.m.). Histological findings were graded into four cate-
gories (1, leptomeningeal infiltration; 2, mild perivascular
cuffing; 3, extensive perivascular cuffing; 4, extensive peri-
vascular cuffing and severe parenchymal cell infiltration)
[9]. Demyelination in the spinal cords was scored as fol-
lows [10]: 1, traces of subpial demyelination; 2, marked
subpial and perivascular demyelination; 3, confluent peri-
vascular or subpial demyelination; 4, massive perivascular
and subpial demyelination involving one half of the spi-
nal cord with the presence of cellular infiltrates into cen-
tral nervous system (CNS) parenchyma; and 5, extensive
perivascular and subpial demyelination involving the
whole cord section with presence of cellular infiltrates
into CNS parenchyma.

Immunofluorescent staining and
immunohistochemistry

Paraffin-embedded spinal cord sections were deparaffi-
nized and rehydrated using standard methods. For detec-
tion of lymphocyte and macrophage immunoreactivity,
rabbit anti-mouse CD3e (1 : 50, BD Biosciences, San
Jose, CA, USA), biotin-conjugated anti-mouse CD45R/
B220 (1 : 100, BD Biosciences) and rat anti-mouse F4/80
(1 : 100, Biolegend, San Diego, USA) were used. Biotinyl-
ated goat anti-rabbit immunoglobulin (Ig)G or rabbit
anti-rat IgG followed by avidin-biotin—peroxidase com-
plexes (Vector Laboratories, Burlingame, CA, USA) were
used as secondary antibodies. Controls with secondary
antibody alone were negative throughout. Horseradish
peroxidase (HRP) binding sites were detected with 3,3’-
diaminobenzidine tetrachloride (DAB; Vector Laborato-
ries) and counterstained with haematoxylin. Quantifying
positive cells stained by immunohistochemistry was per-
formed using Image] 1.38X software (National Institutes
of Health, Bethesda, MD, USA) under a high-power field
(HPF) light microscope (X400).

Gliosis was examined using mouse anti-mouse glial
fibrillary acidic protein (GFAP) (1 : 500; Novus Biologi-
cals, San Diego, CA, USA). For secondary antibodies,
antibodies conjugated directly with fluorescein isothiocya-
nate (FITC) at a dilution of 1 : 100; anti-mouse IgG
(Santa Cruz Biotechnologies, Santa Cruz, CA, USA) were
used. Controls with secondary antibody alone were nega-
tive throughout. Sections were counterstained with 46-
diamidino-2-phenylindole dihydrochloride (DAPI, 1
2000; Sigma) and observed under a fluorescent micro-
scope (LeicaDM LB2; Leica, Wetzler, Germany) with
appropriate filters. Images were obtained using an Olym-
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pus DP-72 microscope camera (Olympus, Tokyo, Japan)
and assembled using Adobe Photoshop™ software.
Quantitative analysis was performed using Image] soft-
ware. Two to three sections per animal were examined
under a lower-magnification microscope (X100 magnifi-
cation) and the three lesions showing the most represen-
tative expression from sections were analysed under
higher magnification (X400 magnification).

To detect axonal damage, sections were allowed to react
with mouse anti-mouse non-phosphorylated
neurofilament-H (NF-H) antibody (SMI-32, 1 : 1000;
Convance Inc., Princeton, NJ, USA). Biotinylated horse
anti-mouse IgG followed by avidin—biotin—peroxidase
complexes (Vector Laboratories) were used as secondary
antibodies. HRP binding sites were detected with DAB
(Vector Laboratories) and counterstained with haematox-
ylin. Slides were examined using a light microscope (Lei-
caDM LB2; Leica), and positive areas were measured by
Image] software.

Flow cytometric analysis

Single-cell suspensions of spleen (1 X 10° cells) were
stained with monoclonal antibodies (mAbs) directly
labelled with one of the following fluorescent tags: FITC,
phosphatidyl ethanolamine (PE), CD3 (145-2cl1), CD4
(H129.19), CD8 (53-6.7), CD45 (Ly-5), CD11b (M1/70)
(BD Biosciences, San Jose, CA, USA), CD25 (PC61.5),
CD45R/B220 (RA3-6B2) and CDI11c (HL3) (eBioscience,
San Diego, CA, USA). Appropriate isotype controls (rat
IgGl, rat IgG2a, rat IgG2b or hamster IgGl; Biolegend)
were always included. Twenty thousand viable cells per
mouse (as determined by light-scatter profiles) were ana-
lysed using a BD FACSCalibur™ flow cytometer (BD
Biosciences).

Enzyme-linked immunosorbent assay (ELISA)

Spleen mononuclear cell suspensions containing 4 X 10’
cells in 200 pl culture medium were placed in 96-well
round-bottomed microtitre plates with or without 10 pg/
ml MOG;s_ss [11]. Supernatants were collected after
48 h, and the production of interferon (IFN)-v, tumour
necrosis factor (TNF)-a, IL-10 (BioSource International,
Camarillo, CA, USA), IL-1B, IL-17 (eBioscience) and IL-4
(R&D Systems, Minneapolis, MN, USA) was measured
using mouse cytokine-specific ELISA kits according to the
manufacturer’s instructions. Mice serum was analysed for
the detection of MOG;s_ss-specific IgG by ELISA kit
(AnaSpec, Fremont, CA, USA), according to the manu-
facturer’s instructions.

Statistical analysis

The results were presented as the mean * s.e.m. for each
group. One-way analysis of variance (anova) was used to
determine statistical difference between groups. Clinical
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Fig. 1. rTl-gal treatment increased the clinical symptoms of experimental autoimmune encephalomyelitis (EAE). (a) Clinical scores of myelin
oligodendrocyte glycoprotein (MOG)-induced EAE in recombinant Toxascaris leonine galectin (rTl-gal)- and vehicle-treated mice. rTl-gal showed
higher mean clinical scores than vehicle-treated control mice. A representative of six independent experiments is shown, in which each data point

represents the mean = standard error of the mean (s.e.m.) of 27 vehicle and 20 rTl-gal-treated mice. Arrows indicate days of rTl-gal injection. (b)

rTl-gal treatment stimulated the proliferation of splenic mononuclear cells to MOGs35_s5 restimulation at chronic stage. Proliferative response to

the antigens [MOGgs;s_ss, proteolipid protein (PLP);35_15; or concanavalin A (ConA)] was assessed in triplicate wells for each experiment.

Background proliferation was 729 & 245 counts per minute (cpm) and concanavalin A (ConA)-induced proliferation was 42 986 = 5737 cpm.
Data are the mean = s.e.m. of cpm and are representative of three independent experiments. Statistical evaluation was performed to compare the

experimental groups and corresponding control groups, respectively. *P < 0-05.

scores and histological score were analysed using the non-
parametric Mann—Whitney U-test. A P-value less than
0-05 was considered statistically significant.

Results

rTl-gal aggravates the clinical severity of EAE

To determine whether or not injection of rTl-gal can
affect the occurrence of EAE, C57BL/6 mice were immu-
nized with MOGs;; 35 in complete Freund’s adjuvant
(CFA) and monitored for clinical disease development.
Mice treated with the rTl-gal developed more severe dis-
ease than did the controls (Fig. 1). The disease incidence
was 100% in both groups, and the day of disease onset
was similar between the two groups (Table 1). No signif-
icant difference in clinical disease severity was observed
between rTl-gal-treated and control mice, starting from
13 days post-immunization (dpi), and through the first
disease peak and up to approximately 25 dpi. Control

mice reached the disease peak at 18 dpi and exhibited a
partial remission until 30 dpi. In contrast, rTl-gal-treated
mice failed to recover after the initial disease peak, lead-
ing to sustained neurological impairment that started at
approximately 26 dpi and was maintained up to 60 dpi.
As EAE is thought to be mediated by infiltrating

Table 1. Summary of active clinical parameters

Clinical status

Incidence of Days of Mean of maximal
Treatment EAE (%) onset score
Vehicle 100 (27/27) 13.2*0.6 29*0.2
rTl-gal 100 (20/20) 13.5+0.8 3.3+0.1*

Experimental autoimmune encephalomyelitis (EAE) clinical
parameters were observed in myelin oligodendrocyte glycoprotein
(MOG)-induced EAE in recombinant Toxascaris leonine galectin
(rTl-gal)-treated and vehicle-treated mice. Each number represents
the mean * standard error of the mean of six independent experi-
ments. Statistical difference of P<0-05 (*) for rTl-gal-treated mice
versus vehicle controls is indicated.
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Fig. 2. Neuropathological changes within representative lumbar spinal cord sections obtained from recombinant Toxascaris leonine galectin (rTl-gal)-

treated and control (vehicle-treated) mice. Inflammatory infiltration and a large plaque of demyelination were seen in rTl-gal-treated experimental
autoimmune encephalomyelitis (EAE) mice at chronic stage (60-62 dpi) (e—h). Images in (b—d) and (f~h) are higher magnifications of the boxed
portions in images (a) and (e), respectively. Bars = 60 pum in (b—d) and (f~h). (i) Mice were subjected to histopathological assay. Each group
consisted of three animals. Sections were analysed for haematoxylin and eosin (H&E) and luxol fast blue staining to detect inflammatory infiltration

and demyelination, respectively. Values represent the mean = standard error of the mean (s.e.m.). Statistical difference of P < 0-05 (*) for rTl-gal-

treated mice versus controls is indicated.

peripheral myelin-reactive T cells into the CNS, we ana-
lysed whether rTl-gal treatment affected autoreactive T
cell responses in the spleen of MOGs;s_ss-induced EAE
mice. Initially, splenic mononuclear cells from mice at
the peak (14-18 dpi) and chronic (60-62 dpi) stages of
EAE were restimulated with MOGs;s_s5 peptide and pro-
liferation was measured using [*H]-thymidine incorpora-
tion. Noticeably, at chronic stage, the proliferation of
splenic mononuclear cells from rTl-gal-treated EAE mice
displayed more than a 90% increase in response to
MOG;s_s5 peptide (Fig. 1b). However, splenic mononu-
clear cells from rTl-gal-treated and vehicle-treated mice
at peak stage proliferated similarly, consistent with their
clinical score (Supporting information, Fig. Slc).

rTl-gal exacerbates neuropathology of MOG-
immunized mice

Infiltration of autoreactive immune cells into the CNS
results in inflammation and demylination, alterations in
neuronal function and axonal damage. At the first peak

of disease (14-18 dpi), marked immune cell infiltration
and demyelination (Supporting information, Fig. Sla)
were present in both rTl-gal-treated and control mice,
respectively. The inflammatory scores which indicated the
diffuse infiltration by mixed macrophages, T and B lym-
phocytes into CNS in the lumbar spinal cord were similar
between the two groups (Supporting information, Fig.
S1b). These findings were consistent with clinical severity
at the peak stage of the EAE. However, demyelination in
the lumbar spinal cords of EAE mice was slightly more
severe in the group treated with rTl-gal, even though the
difference was not statistically significant (Supporting
information, Fig. S1B). Demyelination induced by rTl-gal
treatment was marked at the chronic stage (60-62 dpi)
(Fig. 2). The demyelination score in dorsal, ventral and
lateral columns of chronic stage of rTl-gal-treated EAE
mice was profoundly increased, with a slight difference of
inflammation between the two groups (Fig. 2i). These
findings demonstrate that the attenuation of EAE remis-
sion by rTl-gal treatment is caused mainly by severe
demyelination.
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Fig. 3. Recombinant Toxascaris leonine galectin (rTl-gal) increased the infiltration of CD45R/B220™ cells into the central nervous system (CNS)
at chronic stage. The immunohistochemical images depicted CD3" (a,d), CD45R/B220" (b,e) and F4/80" (¢,f) cells in lumbar spinal cords of

rTl-gal-treated and vehicle-treated experimental autoimmune encephalomyelitis (EAE) mice, respectively. Haematoxylin staining was performed
to illustrate nuclei. Controls with secondary antibody alone were negative throughout (g-i). Quantification of cp3* (4)s CD45R/B220" (k) and
F4/80™ (1) infiltrated cells per high-power field (HPE, magnification X 400) was performed using three lesions showing the most representative
expression from each mouse. Results are representative of more than three independent experiments. Bars = 60 pm.

rTl-gal increases the infiltration of CD45R/B220" B
cells into CNS, not CD3" T cells and F4/80"
macrophage, at the chronic stage of EAE

B cells was increased markedly compared to control mice
(Fig. 3b,e,k), a result which mirrored the enhancement of
demyelination by rTl-gal treatment. However, there was

To verify the specific cell population whose infiltration no significant difference in CD3" T cell (Fig. 3a,d,j) and
was altered by rTl-gal treatment, we assessed the immu- F4/80" macrophage (Fig. 3c,fl) infiltration between the
noreactivity of CD3" T cells, CD45R/B220" B cells and two groups. Demyelination was typically observed more
F4/80" macrophages in the spinal cords of each group. In than inflammation at the chronic stage of disease (60—62
rTl-gal-treated mice, the infiltration of CD45R/B220™" dpi), which raised the possibility that increasing B cell
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Fig. 4. Recombinant Toxascaris leonine galectin (rTl-gal) increased astrogliosis in spinal cords at chronic stage. Spinal cord sections from vehicle-

or rTl-gal-treated EAE mice were stained for glial fibrillary acidic protein (GFAP) (a, astrocytes) and Iba-1 (b, microglia). Quantification of
fluorescence intensity demonstrates rTl-gal-treated mice had more GFAP reactivity than vehicle-treated mice. 4,6-diamidino-2-phenylindole

dihydrochloride (DAPI) staining was used for indicating nuclei. Results are representative of more than three independent experiments. Values

represent the mean * standard error of the mean (s.e.m.). Statistical difference of P<0-05 (*) for rTl-gal-treated mice versus controls is

indicated. Bars = 60 pm.

infiltration by rTl-gal treatment was associated with
demyelination and more severe clinical disease scores seen
in this phase.

rTl-gal induces the astrogliosis and axonal damage of
spinal cord of EAE mice at the chronic stage

Demyelination is commonly accompanied by both gliosis
and axonal damage. To investigate if rTl-gal affected glial
cells in the CNS as well as demyelination, we examined
the immunoreactivity of GFAP and ionizing calcium
binding adaptor molecule-1 (Iba-1). We observed signifi-
cantly increased GFAP™ astrocytes in spinal cord of rTl-
gal-treated EAE mice compared with vehicle-treated mice
(Fig. 4a), but there was no significant difference in Iba-1
immunoreactivity on microglia between the two groups
(Fig. 4b). These findings indicate that the demyelination
induced by rTl-gal treatment may be associated with
astrogliosis in the CNS during MOG-induced EAE.
Axonal damage is one of the major criteria which cor-
relate with clinical scores in chronic EAE. Based on the
results indicating that rTl-gal increased both demyelin-
ation and astrogliosis, we assumed that rTl-gal treatment
might induce axonal damage in the CNS of EAE mice. In
rTl-gal-treated EAE mice, a significant number of axons
reacted to NF-H antibody, a marker of axonal damage, in

both white (Fig. 5¢,f) and grey matter (Fig. 5b,e) of spi-
nal cord. Quantitative analysis confirmed that rTl-gal
treatment caused a significant 1.86-fold increase in the
intensity of the NF-H (Fig. 5g). These results indicate
that irreversible axonal damage induced by rTl-gal treat-
ment results in inhibition of disease remission.

rTl-gal treatment increases the population of CD45R/
B220" B cells in the periphery

Because rTl-gal treatment increased the infiltration of B
cells in CNS of EAE-affected mice, we investigated
whether rTl-gal also affected the mononuclear cell popu-
lation in the periphery. Flow cytometric analysis revealed
that there was no significant difference in other immune
cell subpopulations (CD3"CD4" cells, CD37CD8" cells,
CD457CD11b" cells and CD45"CD11c" cells) between
the two groups. Only the frequency of splenic CD45R/
B220" B cells was up-regulated significantly in rTl-gal-
treated EAE mice compared to that in vehicle-treated
mice (Fig. 6a,b), suggesting that rTl-gal treatment indu-
ces the expansion of B cells in the periphery as well as
the CNS.

As many immune regulatory molecules from parasites
are reported to stimulate the expansion of CD4"CD25"
regulatory T cells [1], we assessed the possibility that
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Fig. 5. Recombinant Toxascaris leonine galectin (rTl-gal) treatment induced axonal dystrophy in spinal cords at chronic stage.
Immunohistochemistry was performed with SMI-32 antibody against non-phosphorylated neurofilament-H (NF-H) in the spinal cords of mice
treated with either vehicle or rTl-gal at the chronic (60-62 dpi) stage, respectively. Axonal damage of spinal cord was severe in both grey and
white matter of rTl-gal-treated mice (e,f) compared to control mice (b,c). (a,d) Lower magnification view of spinal cord. Results are
representative of more than three independent experiments. (g) Quantification of the NF-H-positive area shows that the rTl-gal-treated group
had more NF-H intensity than the vehicle-treated group. Values represent the mean = standard error of the mean (s.e.m.). Statistical difference of
P <0-05 (*) for rTl-gal-treated mice versus controls is indicated. Bars = 60 pm in (b—c) and (e-f) and 120 pm in (a—d).

rTl-gal might affect the population of regulatory T cells
(Tiegs) by quantifying the number of T in spleen of
both groups. As a result, comparison of rTl-gal-treated
and vehicle-treated mice showed no difference in the fre-
quency of CD4"CD25" Tiegs (Supporting information,
Fig. S2b). These results show that rTl-gal increases the
population of CD45R/B220" B cells in the periphery by
acting parasitic galectin without altering T, activity.

rTl-gal treatment modifies cytokine production in
EAE mice at the chronic stage

To delineate the immune mechanism underlying
increased EAE severity in rTl-gal-treated mice, cytokine
production was evaluated at the chronic stage. Splenic
mononuclear cells were collected at chronic disease,
restimulated with MOG3;5_s5 and the cytokine profiles in
the culture supernatants were measured. The release of

IFN-y and TNF-a increased significantly in rTl-gal-
treated mice compared with controls (Fig. 7a). Further-
more, the production of other proinflammatory (IL-17
and IL-1B) and anti-inflammatory (IL-4 and IL-10) cyto-
kines was increased in the rTl-gal treated group, although
the changes were not statistically significant. These altera-
tions by rTl-gal treatment were not observed at the peak
(14-18 dpi) stage of disease (Supporting information,
Fig. S1d).

rTl-gal-treated EAE mice have increased levels of
autoantibody in the serum

Because rTl-gal-treated EAE mice showed up-regulation
of the B cell response and demyelination, the level of
anti-MOG autoantibodies in the serum was measured by
examining the presence of MOG-specific IgG in sera har-
vested at the chronic stage. It emerged that anti-MOG
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Fig. 6. Recombinant Toxascaris leonine galectin (rTl-gal) treatment up-regulated the population of CD45R/B220-positive B cells in the periphery. (a)
Splenic mononuclear cells at chronic stage (60—62 dpi) from mice treated with either vehicle or rTl-gal were analysed by flow cytometry for
CD3"CD4" T cells, CD3"CD8™" T cells, CD45" CD45R/B220" B cells, CD45"CD11b " macrophages and CD45"CD11c¢" dendritic cells,
respectively. Dot-plots shown represent one of three separate experiments with similar observations. (b) The mean numbers of each cell population

of splenic mononuclear cells were plotted. *Statistically significant difference (P < 0-05 by Student’s t-test) from vehicle-treated EAE mice.

IgG was increased significantly in the serum of rTl-gal-
treated EAE mice compared to vehicle-treated mice (Fig.
7b).The up-regulation of anti-MOG IgG production by
rTl-gal treatment was not observed at the peak (14-18
dpi) stage of disease (Supporting information, Fig. S1d).
These results suggest that the autoantibody production
triggered by EAE induction in rTIl-gal-treated mice is
maintained, even at later time-points post-immunization,
and high levels of anti-MOG autoantibody are probably
responsible for perpetuating the B cell response and
demyelination.

Discussion

The association between parasite infection and autoim-
mune disease has interested researchers for many years.
This is mainly because parasite infections typically have
immunosuppressive activity by triggering Th2/T,.; induc-
ing immune responses. Many parasites and parasite-
derived products have been reported to improve the
symptoms of autoimmune disease, whereas others seem
to contribute to generation or exacerbation [12,13].
Galectins are a family of animal lectins with affinity to
B-galactose-containing oligosaccharides. These are cur-
rently recognized as important immune mediators

through regulating the homeostasis and functioning of
the immune cells [14]. Because galectins are conserved
evolutionarily, they have been found in a number of para-
sites as well as in humans. As no function has yet been
attributed to parasite galectins, it has been speculated that
they may be involved in host—parasite interaction [15].
For example, a galectin from Angiostronglylus cantonensis
plays a role in the activation of microglia, but the mecha-
nism is unknown [16]. Moreover, current evidence sug-
gests that parasite galectins participate actively in the
infection process as pattern-recognition receptors (PRRs)
[17,18].

In one study, the chemokinetic activity of the infective
third stage larvae of Haemonchus contortus was mediated
by the nematode galectins in a carbohydrate-dependent
manner and was speculated to mimic the action of host
galectin-9 [19]. Similarly, constructed recombinant galec-
tin (rTl-gal) isolated from an adult worm of the gastroin-
testinal nematode parasite T. leonina attenuated the clinical
symptoms of the DSS colitis mouse model [6]. Also, this
gene has been shown to have 35% similarity with human
galectin-9. The galectin-9 has been known as a ligand for
the Thl- and Th17-specific cell-surface molecule Tim-3,
and has been conjectured to function in regulating Thl
and Th17 responses. Furthermore, recombinant galectin-9
reduced disease severity and mortality in mice with EAE
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Fig. 7. Proinflammatory cytokine and anti-myelin oligodendrocyte glycoprotein (MOG);s 55 immunoglobulin (IgG) were increased in
recombinant Toxascaris leonine galectin (rTl-gal)-treated mice compared to controls. (a) Single-cell suspension of spleen was prepared from mice
treated with either vehicle or rTl-gal at chronic stage (60-62 dpi). The cell suspension was cultured with or without MOGss_s5 (10 pg/ml) for
48 h and the production of cytokines [interferon (IFN)-v, interleukin (IL)-17, IL-1B, tumour necrosis factor (TNF)-a, IL-4 and IL-10) was
measured by enzyme-linked immunosorbent assay (ELISA). (b) ELISA detection of MOG-specific IgG in serum at chronic experimental
autoimmune encephalomyelitis (EAE). Representative results from at least three experiments are shown. *Statistically significant difference

(P<0-:05) from vehicle-treated EAE mice.

[20]. For this reason, we first expected that rTl-gal would
also attenuate EAE severity but, unexpectedly, rTl-gal treat-
ment did not alter the frequency of Tim-3-positive cells
(data not shown). The population change of regulatory T
cells was also not detected, either in rTl-gal-treated EAE
mice (Supporting information, Fig. S2) or the rTl-gal
treated DSS-colitis model [6]. These results raise the possi-

bility that rTl-gal may perform distinct functions from
host galectin.

EAE is the most commonly used animal model for the
human inflammatory demyelinating disease, MS. Like
MS, EAE is characterized by CNS inflammation and
demyelination and follows the disease course of acute,
relapsing-remitting (RR) or chronic stages. The clinical
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heterogeneity of these diseases reflects pathological heter-
ogeneity in terms of relative proportions of the main
pathological features such as inflaimmation, demyelin-
ation, axonal loss and gliosis. For example, inflammatory
infiltrates with various immune cells and active demyelin-
ation are observed mainly at the acute monophasic dis-
ease lesion. When this lesion becomes chronic, significant
myelin loss and gliosis, known as ‘plaque’, are shown dis-
tinctively. Finally, irreversible axonal loss leads to long-
term disability and progression [21]. This heterogeneity
in EAE is caused not only by genetic and/or antigenic dif-
ference, but by the degree of autoreactivity at the early
stages of disease. It has been demonstrated that the devel-
opment of chronic EAE phenotype is driven by processes
that occur during the early stage by the direct comparison
of RR-EAE and chronic-EAE generated in the same strain
with the same antigen [22]. It has also been shown that
inflammatory infiltration, demyelination and axonal loss
are greater in chronic-EAE than in RR-EAE during the
course of disease and sustained in the later stage of
chronic-EAE [22]. It is therefore likely that the degree of
autoimmunity, demyelination and axonal loss are decisive
factors to determine whether or not the disease progresses
to the chronic sustained stage.

Additionally, B cells are thought to contribute to the
pathogenesis of EAE through producing autoantibodies
that amplify demyelination via opsonization of myelin,
although macrophage and T cells are the main cells in
the inflammatory infiltrate [23]. For this reason, auto-
antibodies in blood are considered to be associated with
the development of demyelination and consequently
raise the possibility the disease becomes chronic. There-
fore, there is a strong possibility that rTl-gal treatment-
induced B cell pathogenesis in EAE is caused by the
high concentration of anti-myelin antibodies, although
there is no direct evidence of whether rTl-gal affects B
cell directly.

The current study found that rTl-gal-treated EAE mice
developed a chronic sustained disease with demyelination
and irreversible axonal loss. Most significantly, we found
that rTl-gal treatment resulted in large populations of B
cells in both the periphery and the CNS, as well as high
serum titres of MOG-specific antibodies. These results are
in agreement with a recent report that autoantibody pro-
duction plays an important role in the progression of
demyelination, which leads to axonal damage [24,25]. It
is known that axonal loss is the pathological substrate of
permanent disability in chronic EAE [26]. Hence, it
could conceivably be hypothesized that rTl-gal treatment
may promote the secretion of autoantibody from B cells
and consequently trigger the chronic disease activity
which induces demyelination and irreversible axonal loss.

As activated Thl cells (IFN-y-producing cells) and
Th17 cells (IL-17-producing cells) are thought to be the
main culprits in EAE/MS, immune deviation strategy is

Parasite galectin can exacerbate murine EAE

often used for MS treatment [27]. In a similar fashion,
there is a strong possibility that parasites or parasite-
derived products are used as treatments, because parasites
were generally thought to suppress Thl cells while induc-
ing Th2 cells and T, However, it has been found that
some parasitic products can induce other immune
responses than Th2 responses [28], and might also act
like allergens [29]. In our experiments, rTl-gal treatment
strongly affected the effector arm of the immune
response, [FN-y and TNF-a. It also slightly affected other
cytokines, such as proinflammatory cytokines (IL-17
andIL-1B), as well as anti-inflammatory cytokines (IL-4
and IL-10), suggesting that rTl-gal may contribute to
overall immune activation. Supporting this view are
reports showing that, in non-human primate EAE, the
induction of Th2 response to myelin antigens may exacer-
bate autoimmunity by enhancing the production of path-
ogenic autoantibodies [30]. Therefore, rTl-gal seems to
be linked to neuronal autoimmune disease development,
although the mechanism by which cells and receptors are
related to rTl-gal-induced disease severity is as yet
unknown.

In conclusion, we demonstrate that parasite galectin
isolated from T. leonina enhances EAE severity and
antibody production resulting in the attenuation of
EAE remission. Although further studies are required to
delineate definitively the mechanism of how the para-
site galectin exacerbates disease, this research suggests
that not all parasite-based therapy is safe and not all
parasites have the ability to suppress inflammatory
disease.
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Fig. S1. The neuropathogical change and immune
response at peak stage were not different between the two
groups. (a) Luxol fast blue: haematoxylin and eosin
(H&E) staining of recombinant Toxascaris leonine galectin
(rTl-gal)-treated and vehicle-treated spinal cords at peak
(14-18 dpi) stage of experimental autoimmune encepha-
lomyelitis (EAE). Bars =60 pum. (b) The inflammation
and demyelination scores in dorsal, ventral and lateral
columns at peak (14-18 dpi) stage of rTl-gal-treated and
vehicle-treated EAE mice. Values represent the mean-
* standard error of the mean (s.e.m.). (c¢) Proliferation of
T lymphocytes isolated from spleens at peak (14-18 dpi)
stage of EAE, cells were incubated for 72 h with myelin
oligodendrocyte glycoprotein (MOG);s5_s5 peptide (10 pg/
ml), proteolipid protein (PLP);39_;5; peptide (10 pg/ml)
or concanavalin A (ConA). Proliferation was evaluated by
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thymidine incorporation measured during the last 18 h of
culture. Data are mean *s.e.m. of counts per minute
(cpm) and are representative of three independent experi-
ments. (d) Enzyme-linked immunosorbent assay (ELISA)
determination of interferon (IFN)-v, interleukin (IL)-17,
IL-1B, tumour necrosis factor (TNF)-a, IL-4 and IL-10 in
supernatant of splenic mononuclear cells isolated at peak
(14-18 dpi) stage of EAE and restimulated with MOG;s_
s5 peptide (10 pg/ml). Values represent the mean * s.e.m.
and are representative of three independent experiments.
(e) Serum was harvested at peak (14-18 dpi) stage of
EAE and the levels of anti-MOG;5_s5 immunoglobulin
(Ig)G were quantified through ELISA. Values represent
the mean *s.em. and are representative of two inde-
pendent experiments.

Fig. S2. Recombinant Toxascaris leonine galectin (rTl-gal)
treatment did not affect the regulatory T cells. (a) Spinal

Parasite galectin can exacerbate murine EAE

cord sections from vehicle- or rTl-gal-treated experimen-
tal autoimmune encephalomyelitis (EAE) mice were
stained for CD4 (green colour) and CD25 (red colour).
Bars =60 pm). (b) rTl-gal treatment did not affect the
population of CD47CD25" regulatory T cells. Splenic
mononuclear cells were analysed by flow cytometry for
CD4"CD25" on days 6062 dpi of mice treated with
either vehicle or rTl-gal. Dot-plots represent one of three
independent experiments with similar observations and
the mean population of each cell was plotted in the
graph. (c) Real-time polymerase chain reaction (PCR) on
c¢DNA isolated from spinal cords and spleens of vehicle-
or rTl-gal-treated EAE mice was performed with forkhead
box protein 3 primers. Expression data were normalized
relative to glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and fold change was compared to vehicle-
treated mice.

© 2015 British Society for Immunology, Clinical and Experimental Immunology, 180: 419-431 431



