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ABSTRACT

The impact of immunization with Anisakis simplex larval antigen on the occurrence and
progression of experimental autoimmune encephalomyelitis (EAE) induced in mice was
studied. C57BL/6J mice were immunized with the MOG35-55 peptide and one batch was
treated with A. simplex total larval antigen on days 1, 8, 10 and 12 after EAE induction.
Significantly higher values were obtained in the EAE clinical parameters of the antigen
treated group. Likewise, there was a significant decrease in the weights of the animals.
Anisakis-treatment produced a significant decrease in anti-MOG35-55 specific IgG1 on
day 21. On day 14 there was an increase in serum IL-2, IL-6, IL-10, IL-17A, and TGF-$
in the treated group. On day 21, a decrease in IL-4, IL-6, TNF-a, TGF- was observed.
All brain determinations were made on day 21. The treatment decreased values of IL-6,
IL-10, IL- 17A and TNF-a. A. simplex antigen caused a significantly higher incidence of
EAE and an advance in the appearance of the disease manifestations. However, treatment
with the antigen was able to cause a decrease in proinflammatory cytokines (IL-6, IL-
17A, and TNF-a) in nervous tissue that could establish a future preventive scenario for

myelin damage.
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1. Introduction

Multiple sclerosis (MS) is considered a disease of the white matter of the central nervous
system (CNS) in which there is an autoimmune attack, usually initiated by T lymphocytes.
There are different cells involved in the inflammatory reaction that damages the myelin
sheaths, including Th1, Th17, Tc, B, and regulatory T (Tregs) cells [1]. There is a negative
correlation between the incidence of MS and naturally acquired helminth infections [2].

Experimental autoimmune encephalomyelitis (EAE) is a murine model that resembles
MS mostly induced by the administration of the MOG35-55 peptide. Regulatory effects
in C57BL/6J mice and using various helminths have been observed [3-8].

Anisakis larvae have developed mechanisms to modulate the dichotomy of the host
immune response [9-12]. Both excretory-secretory products and total larval antigen of
Anisakis simplex produce tolerogenic dendritic cells that induce the expansion of
functional Tregs in vitro. At the same time, they promote the production of Thl cytokines,
such as IFN-y [13].

Previous contact with the antigens released by A. simplex living larvae is associated with

an increase of the regulatory cytokines IL-10 and TGF-p in anisakiosis patients [14,15].

Anisakiosis is an important pathology in Japan due to the nutritional habits of the general
population [16]. MS is characterized by a low prevalence in the Asian population and has

been very rare in Japan [17].

The aim of this work was the evaluation of the impact of immunization with A. simplex

larval antigen on the appearance and progression of induced EAE in mice.

2. Materials and methods

2.1. Preparation of antigens
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A. simplex larval extracts were prepared by the method previously described [18].
Antigens were filtered through 0.22 um membranes. The possible contamination by LPS
was determined in all samples used by the test with Limulus Amoebocyte Lysate (LAL)
(Pierce). Antigen samples were purified by using appropriate columns (Detoxi-Gel

Endotoxin Removing Gel, Thermo Scientific).
2.2. Animals

Twenty-four C57BL/6J female mice that are susceptible to EAE [19] of 8-12 weeks of
age obtained from Harlan Laboratories (Barcelona, Spain) were used. The authors have
involved the minimum number of animals to produce statistically reproducible results.
All procedures were carried out in accordance with Royal Decree 53/2013, of 1 February,
which establishes the basic rules applicable for the protection of animals used in
experimentation and other scientific purposes. The project was approved by the Ethics
Committee of the UCM and evaluated and approved by an authorized body authorized by
the Community of Madrid for the evaluation of Projects. The paralyzed animals were

given access to water and food.
2.3. Induction of EAE

Animals were anesthetized with intraperitoneal injection of atropine (0.6 mg/kg of
weight) and 2.5% of 2,2,2-tribromoethanol (avertin) (Sigma-Aldrich, Darmstadt,
Germany) (0.01 ml/g of weight). Animals were immunized subcutaneously (s.c.) on both
sides of the tail base with 100 pg of peptide MOG35-55 (Sigma-Aldrich, Darmstadt,
Germany) (MEVGWYRSPFSRVVHLYRNGK) emulsified vol/vol in Complete
Freund’s Adjuvant (CFA) (Sigma-Aldrich, Darmstadt, Germany). On the day of the
immunization, 300 ng/animal of pertussis toxin (Sigma-Aldrich, Darmstadt, Germany)

was injected intraperitoneally (i.p.) with the injection repeated 48 h later.
2.4. Clinical evaluation

The mice were weighed and their clinical signs of EAE were observed daily (by the same

investigators) until day 21 postimmunization (p.i.) (acute phase) in the control group of
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EAE and in the group subjected to the therapeutic protocol with the antigen. The change
in average body weight was calculated by the percentage of the initial body weight (at
day 1). Clinical status was assessed by a score assigned to certain body parts of each

mouse as discussed below.

Grade 0, normal; Grade 1, flaccid tail; Grade 2, mild weakness of the hind limbs; Grade
3, severe weakness of the hind limbs; Grade 4, paralysis of the hind limbs; Grade 5,
paralysis of the hind limbs and partial weakness of the forelimbs. The final clinical score

was obtained by adding all the scores of all the individuals [20].
2.5. Treatment with Anisakis simplex antigen

A group of 12 mice were treated with 100 ug of A. simplex antigen (s.c.) on days 1, 8, 10
and 12 after the induction of the EAE. The mice were sacrificed on day 21 of the study.

2.6. Serum samples

To obtain the sera on days 0 and 14 p.i., the mice were bled from the retroorbital venous
sinus. The blood samples of the day 21 p.i. were collected by intracardiac puncture. The
mice were anesthetized with intraperitoneal administration of pentobarbital (Euta-Lender,

Normon Laboratories, Madrid, Spain).
2.7. Preparation of brain tissue extracts

Brain tissue extracts were obtained from both control and Anisakis treated mice. Brains
were removed and hemispheres were kept on ice. Hemispheres were homogenized in
RPMI 1640 (Sigma-Aldrich, Darmstadt, Germany) (100 mg of tissue per 750 ul) by
means of a tissue homogenizer. Brain homogenates were centrifuged 10 min at 10,0009

at 4C and the supernatants were collected.
2.8. Detection of antibodies by ELISA

For detection of anti-MOG35-55 antibodies, ELISA plates (Costar, Corning, NY) were
treated with a 2% glutaraldehyde solution in PBS pH 5 (200 pl/well, overnight at 4 ~C).
After washing (PBS pH 5, 3 times) plates were coated overnight at 4 «C with 100 ul/well
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of murine MOG35-55 peptide at 10 pg/ml in carbonate buffer pH 9.6. Plates were washed
(PBS-Tween) and blocked with 0.1% BSA in PBS pH 7. Sera were then incubated in
duplicate at the 1/200 dilution (PBS-Tween-BSA) for 2 h at 37 °C and after washing
incubated with a Goat anti-Mouse 1gG1 Secondary Antibody, HRP (Invitrogen, Thermo
Fisher Scientific, Waltham, MA). For detection of anti-Anisakis antibodies plates were
overlaid overnight at 4 °C with 100 pl/well of antigen at 10 pg/ml in carbonate buffer.
The following steps were carried out as in the previous case.

For the detection of antibodies in the CNS we used Nunc™ MaxiSorp ™ flat-bottom 96
well plates (Thermo Fisher Scientific, Waltham, MA). Brain tissue extracts were tested
at dilution 1/2.

2.9. Quantification of cytokines

ELISAs for the detection of murine (IL-2, IL-4, IL-6, IL-10, 1L-12p40, IL-17A, IFN-y,
TNF-0 and TGF-B were carried out using Mouse IL-10 ELISA Ready-SET-Go! (2nd
Generation) (Invitrogen, Thermo Fisher Scientific, Affymetrix, Inc., San Diego, CA)

following the manufacturer’s instructions.
2.10. Statistical analysis

All statistical analyses were performed using the program GraphPad Prism 6. Differences
of clinical scores and weights between control and treated groups were analysed by
multiple t tests. Variations in antibody and cytokine levels from sera were analysed by
the repeated measured two-way ANOVA adjusted for Tukey’s multiple comparisons test
until day 21 p.i. Differences between the means of two groups in serum and brain antibody
and cytokine levels were analyzed by multiple t tests, with correction for multiple
comparisons using the Holm-Sidak method, with alpha = 0.05. Differences were

considered to be statistically significant at a level of P < 0.05.

3. Results
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3.1. Clinical characteristics of EAE

EAE control and Anisakis-treated animals developed clinical signs of disease between
day 8 and day 21p.i and day 6 and 21 p.i., respectively. EAE treated animals presented
with more severe clinical symptoms than the EAE control group. Significantly higher
values of Clinical Scores were obtained from day 14 p.i. in the group treated with the
antigen until the end of the experiment. The Anisakis EAE group had a significant
increase of Clinical Scores on day 14 p.i. in comparison with the EAE control group (P <
0.05; P < 0.01) and this persisted throughout the rest of the study. Clinical evidence of
disease in the Anisakis-treated group (first noticed at day 6 p.i.) peaked at day 18 p.i.
while in the untreated control group it peaked at day 21 p.i. according to the Clinical

Score assessment (Fig. 1A).

Final Clinical Scores were obtained by adding all the scores of all the individuals.
Significantly higher values were observed in the Anisakis treated group (days 6-10 and
days 12-21, P <0.0001). The range of the values of the EAE treated group was twice that
of the EAE control group from day 14 p.i. (Fig. 1B).

The percentages of mice with any disease symptoms were higher in the Anisakis-treated
group from day 6 to 15 p.i. (P <0.0001). After day 16 p.i. the disease incidence was 100%
in both control and treated groups (Fig. 1C).

3.2. Weight of mice

From day 15 p.i. a significant reduction in body weight was observed in the Anisakis-
treated group (P < 0.05; P <0.01) compared to the control group. On the other hand, while
the mean weight for the treated mice remained lower, control mice increased in weight at
the endpoint (Fig. 2A).

There was a dramatic weight lost in the Anisakis-treated group from day 15 to 21 p.i. (Fig.
2B and C).

3.3. Antibody levels against Anisakis larval antigen and MOG35-55
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The immunization with Anisakis antigen produced specific IgG1 antibodies. We observed
a significant increase of anti-Anisakis IgG1 levels from day 14 p.i. when compared to day
0 (P < 0.001). On day 21 p.i. the increase turned out to be much higher (P < 0.0001 and
P < 0.01 versus day 0 and day 14 p.i., respectively) (Fig. 3A).

When comparing both groups, control and treated, we observed significant differences in
the anti-Anisakis IlgG1 mean O.D. values (P < 0.01 and P < 0.001 on days 14 and 21 p.i.,
respectively). In the case of the brain extracts, all determinations were made on day 21
p.i. A very significant response of 1gG1 anti-Anisakis was observed with respect to the
control in the EAE group treated with the antigen (P < 0.01) (Fig. 3B).

Immunization with MOG35-55 triggered activation of autoreactive MOG-specific B

cells. Anisakis-treated EAE mice have decreased levels of autoantibodies.

On day 14 p.i. the control group showed a detectable response with respect to day 0 (P <
0.05), while in the group treated with Anisakis antigen, no statistically significant
differences were detected against the MOG35-55 peptide when compared to day 0 (Fig.
3C). On day 21 p.i., high levels of MOG-specific IgG1 were detected, although they were
much higher in the control group than in the Anisakis- treated group, where there were
significant differences with respect to day 0 (P < 0.01). Comparing both control and
treated groups, a significant decrease in MOG-specific IgG1 antibodies was observed in

mice immunized with the antigen (P < 0.01).

In the case specific antibodies in brain extracts, the treatment with Anisakis antigen
produced a significant decrease in IgG1 anti-MOG35-55 levels on day 21 p.i. (P < 0.05)
(Fig. 3D).

3.4. Cytokine levels

On day 14 there was an increase in serum IL-2, IL-6, I1L-10, IL-17A, and TGF-f in the
EAE treated group (Fig. 4), as well as IL-17A/IL-10 ratio (Fig. 5). On day 21 p.i., a
decrease in IL-4, IL-6, TNF-a, TGF-B (Fig. 4) and IFN-y/IL-10, TNF-o/IL-17A and TGF-
B/IL-17A ratios (Fig. 5) was observed.
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In the case of the brain, the treatment decreased the values of IL-6, IL-10 and IL-17A on
day 21 p.i. The TNF-o assessment revealed much lower levels in the Anisakis-treated
mice compared to the untreated-control group (Fig. 6). IL-10/IL-4 and TNF-o/IL-4 ratios

decreased after Anisakis treatment, while TGF-p/IL-17A ratio experienced an increase
(Fig. 7).

4. Discussion

A large number of animal models have been generated for the study of pathology in MS,

as well as to identify biomarkers and therapeutic targets [21].

In this work we studied the impact of immunization with A. simplex larval antigen on the
occurrence and progression of EAE induced in mice. The MOG35-55 EAE mouse model
has been established on a C57BL/6 genetic background. We characterized previously
Anisakis infection/immunization in this mouse strain. In a murine experimental model
orally inoculated with an A. simplex living L3 we observed that responses of the 1gG1
subclass were mainly produced in the C57BL/10 strain [22]. Recently, by means of the
study of DC stimulation, we observed that C57BL/6J mice developed a more discrete and
resistant response against A. simplex antigens with lower expression of IL-12 and higher
IL-10 than in BALB/c mice [13].

In this study, C57BL/6] mice were treated with 100 pug of A. simplex antigen (s.c.) on
days 1, 8, 10 and 12 after the induction of the EAE.

Zheng et al. carried out a similar therapeutic protocol by the administration of 100 pg
soluble egg antigen from Schistosoma japonicum on days 0, 7, 9 and 11 after EAE
induction. They observed a Th2-polarizing response in both periphery and CNS [4]. Our
results showed that several injections of Anisakis antigen before the peak phase of EAE
exacerbated the disease severity. In EAE + Anisakis mice the clinical severity of EAE
was greater in comparison to mice with EAE induction only. Multiple injections of

Anisakis antigen after EAE induction not only were not able to ameliorate disease clinical
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manifestations but also induced a worsening of EAE clinical signs during the acute phase
of EAE.

Likewise, a significant reduction in body weight was observed in the EAE Anisakis-

treated group.

When antibodies in serum and brain against MOG35-55 were measured we observed that
A. simplex antigen treatment produced a significant decrease in anti-MOG35-55 specific
IgG1 on day 21 p.i. Therefore, exposure to Anisakis larval antigen after EAE induction

exacerbated the clinical symptoms but not MOG35-55 specific 1gG1.

The importance of the presence of B cells, plasma cells and immunoglobulins in the

pathology of the disease has become evident [23,24].

Such antibodies can be detected at very early stages of the disease [25,26]. We have been
able to detect them from day 14 p.i. although there was a drastic decrease in both serum
and brain from the 21 p.i. in the group of treated mice. These antibodies are directed
towards the myelin sheaths and are responsible for the pathogenicity since they cause
damage to them and as a consequence generate the characteristic symptoms of MS
[27,28].

Therefore, the decrease in the levels of these antibodies could improve the pathology
triggered by them. Although in our case the treated animals did not improve their
symptoms, it is likely that this effect was not manifested since animals were slaughtered
on day 21 p.i. Secondly, it could be due to the immunization regimen carried out, since
Anisakis antigen was administered after immunization with MOG35-55, that is, after the
appearance of autoantibodies, so it would be advisable to proceed to the evaluation of the
antigen in early stages prior to the triggering of demyelinated inflammatory lesions in the
CNS.

It should also be borne in mind that in 85% of cases, MS is characterized by the presence
of outbreaks followed by total or partial remissions [29,30]. Therefore, it would be

interesting to be able to determine if treatment with the Anisakis antigen causes a

10
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remission of these outbreaks or a distancing in time. The presence of autoantibodies in
brain samples shows that an alteration of the blood—brain barrier (BBB) has occurred,
which very effectively regulates the entry of both antibodies and cells into the CNS
[31,32].

In our experimental conditions, this alteration has been revealed with the detection of
high levels of brain autoantibodies, although these levels have been lower than those
detected in serum. On the other hand, treatment with Anisakis antigen caused a decrease
of more than 70% in serum anti-MOG35-55 1gG1 levels, which shows not only a lower
production of these but also a possible restoration of the permeability of the BBB since
less than 30% of them managed to cross it.

On day 14 p.i. there was an increase in serum IL-2, IL-6, IL-10, IL-17A, and TGF- in
the Anisakis-treated group, as well as IL-17A/IL-10 ratio.

We have observed that on day 14 p.i. there was a significant increase in serum IL-6 and
IL-10 in the group of treated mice, which shows that there has been an increase in the

Th2 population.

Anisakis antigen is known to cause a polarization of the immune response to a Th2
phenotype [33,14]. Th2 profile related cytokines have been associated with reduced
inflammation and improved symptoms in MS patients [34]. Anisakis antigen has led to
increased IL-10 levels on day 14 p.i. which caused a decrease in both serum IL-17A/IL10
and IFN-y/IL-10 ratios. The ratio of IL-17A/IL-10 may act as a predicted marker of

inflammation and immune imbalance [35].

Likewise, on day 21, a decrease in IL-4, IL-6, TNF-a, TGF-p and IFN-y/IL-10, TNF-
o/IL-17A and TGF-B/IL-17A ratios were observed. In the case of the brain, the A. simplex
treatment decreased IL-6, IL-10, IL-17A and TNF-a, as well as IL-10/IL-4, TNF-0/IL-4
ratios, while TGF-B/IL-17A ratio experienced an increase.

11
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We detected on day 14p.i an increase in TGF-p levels which could be responsible for the
increase in the Th2 cytokine profile. TGF-B is a negative regulator against Thl
differentiation and is able to block IL-12 increasing the Th2 profile [36,37].

Indeed increasing Th2 response in the onset of the EAE demonstrated by both cytokines
and antibodies could achieve suppression of the inflammatory response and have a
beneficial effect on the clinical course of MS. The decrease in IL-10/IL-4 and TNF-o/IL-

4 ratios in the brain shows an increase in the Th2 response.

Likewise, increases in IL-17A and IL-2 levels were also observed. The increase in these
cytokines could be related to the increase in TGF-f since TGF-f + IL-6 has been shown

to drive differentiation of Th17 cells in vitro.

It has been observed that the polarization of cells towards a Th17 profile requires both
the presence of IL-6 and TGF-B. The absence of IL-6 and the presence of TGF-3 generate
a stimulation of FoxP3 + Tregs which will help maintain self-tolerance and prevent

reaction against self-antigens [38].

We have observed a decrease in IL-6 levels on day 21p.i in both serum and brain.
Likewise, although IL-17A levels were elevated in sera from Anisakis-treated animals on
day 14 p.i., this proinflammatory cytokine was reduced in brains on day 21 p.i. This could
indicate the activation by Anisakis antigen of Tregs, which could exert their suppressive
effects by releasing IL-10. This caused a decrease in IL-17A/IL-10 and IFN-y/IL-10
ratios. Importantly, an impressive suppression not only of TNF-a but also of TNF-o/IL-4
ratio was observed in sera and brains of Anisakis-treated mice in comparison to untreated

animals on day 21 p.i.

It has been observed that MS patients have elevated levels of TNF-a. at the site of active
lesions as well as in serum and that their presence is related to the severity of the lesions
[39]. Astrocytes present in the basal lamina of the BBB have been shown to be capable
of releasing cytokines such as IL-6 and TNF-a during the inflammatory process. These

cytokines increase the permeability of the BBB, while the production of TGF-p induces
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the opposite effect [40]. We have observed that the mice treated with the Anisakis antigen
present in the brain a decrease in both IL-6 and TNF-a levels as well as an increase in
TGF-B/IL-17A ratio. This fact could be causing a decrease in the permeability of the BBB
that could cause a decrease in the passage of both antibodies and proinflammatory
cytokines to the CNS.

Interestingly, IL-17A levels rose in serum on day 14 p.i. in the Anisakis-treated group
with respect to the control, and no differences were observed on day 21 p.i. between both
groups. In contrast, TGF-p levels were significantly higher in the Anisakis-treated group
on day 14 p.i. but were significantly lower in this group on day 21 p.i. Elevated TGF- 3
levels together with high IL-6 rates promote IL-17A production [41]. IL-17A levels were
significantly reduced in the brain on day 21 p.i. despite being significantly elevated in
serum on day 14 p.i. in the Anisakis treated group. Likewise, IL-6 levels were elevated in
serum on day 14 p.i. along with TGF- § and IL-17A levels. The production of the latter
was probably promoted by both previous cytokines. As a consequence of the decrease in
IL-6 and TGF- B on day 21 p.i., the decrease in IL-17A will have occurred. This decrease
was not detectable in serum but in brain extracts on day 21 p.i. It is very important to note
that, despite the fact that in both groups a significant increase in serum IL-6 was observed
on day 14 p.i., the drastic decrease observed on day 21 p.i. only occurred in the Anisakis-
treated group. Our results indicate that in the absence of IL-6, TGF- B /IL-17A ratio

increased.

The concentration of IL-17A in the serum of mice with EAE was significantly higher
after Anisakis immunization at 14 days p.i. compared to EAE control mice on the same
day. The IL-17A level in the serum at 21 days p.i. was lower compared to day 14 p.i.
Likewise, the IL-17A level in the brain of Anisakis-treated mice at 21 days p.i. was
significantly lower compared to the EAE control mice. On the other hand, the mean serum

TGF-pB concentration was higher in Anisakis treated animals on day 14 p.i.

Astrocytes are considered as non-professional antigen presenting cells and TGF-§ has
been shown to inhibit the expression of MHC Il molecules [42]. The decreased serum IL-
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17A and dramatic increase in TGF-B/IL-17A ratio in Anisakis-treated animals further
indicate that dysregulation of the Treg/Th17 axis of T effector cells occurred in EAE mice

has been balanced by the higher values of TGF-3 observe on day 14 p.i.

Consequently, if the ratio of TGF-B/IL-17A may act as a predicted marker of future anti-
inflammation and immune balance the results of the study could suggest that a scene
conducive to recovery of EAE progression is being prepared. IFN-y/IL-10 ratio was
significantly decreased in the brain extracts on day 21 p.i. due to the Anisakis treatment
compared to control group. Definitely, change in IFN-y/IL-10 cytokines ratio pattern
(Th1/Treg balance) toward to 1L-10 (Treg) results in prevention of autoimmune-disease
such as the EAE model of MS [43].

In comparison to untreated group, Anisakis antigen led to an anti-inflammatory condition
with an increase in Treg/Th17 balance through Treg cytokine (TGF-B) predominantly.
Furthermore, Anisakis antigen also disturbed the balance of Th1/Th2 (TNF-o/IL-4 ratio)
toward to Th2 through more decrease in the value of TNF-a. According with our results,
Anisakis antigen leads to an imbalance among four subtypes of T cells
(Th1/Th2/Th17/Treg) towards Th2/Treg cells along with their cytokines. Anisakis larval
antigen impress Th2 (IL-4) and Treg (IL-10, TGF-B) more than Th1 (IFN-y, TNF-a) and
Th17 (IL-17A) cells which leads a significant reduction in Th1/Th2 (TNF-o/IL-4 ratio),
Th1l/Treg (IFN-y/IL-10 ratio) and Thl17/Treg (IL-17A/TGF-p ratio) balance.
Investigating cytokine levels in sera from patients diagnosed with anisakiosis, it was
shown that prior contact with antigens released by living Anisakis larvae is associated
with an increase in regulatory cytokines, IL-10 and TGF- 3 [14]. In this context Anisakis
treatment could be a therapeutic approach for manipulating improper response in therapy.
The results of the present study indicated that Anisakis larval antigen might alter the
release of cytokines in murine EAE, in particular a decrease of Thl and Th17 cytokines,
and an increase of Th2 and Treg cytokines, leading to an immune balance and an anti-

inflammatory response.
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In conclusion, the A. simplex larval antigen caused a significantly higher incidence of
EAE. Our results showed that the presence of specific IgG1 generated in the brain against
MOG35-55 was not related to the severity of the EAE. However, treatment with the A.
simplex antigen was able to cause a decrease in proinflammatory cytokines (IL-6, IL-
17A, and TNF-a) in nervous tissue that could establish a future preventive scenario for
myelin damage. Similarly, in our present study, Anisakis antigen strongly decreased the
Thl and Th17 cytokines and IL-17A/TGF-§ ratio, while increased Th2 and Treg
cytokines, revealing that the antigen exposure induced robust anti-inflammatory
responses and promoted a bias towards a Th2/Treg immune response, which ultimately
might control inflammatory cell recruitment, focal inflammation and tissue destruction.
The results obtained show a possible prior immunomodulatory role of the antigen on the
immune responses induced in murine EAE although injections of Anisakis larval antigen
before the peak phase of EAE exacerbated the disease severity. For this reason, it is
necessary to study the effect of a treatment on the response already induced. Likewise, it

would be interesting to study the effect of preventive treatments before induction of EAE.

Funding

This work was supported by Proyectos de Investigacion
SANTANDER/COMPLUTENSE [grant number PR26/16-20243].

CRediT authorship contribution statement

Marta Rodero: Validation, Formal analysis, Investigation, Writing - original draft,
Writing - review & editing, Visualization, Supervision, Project administration, Funding
acquisition. Carmen Cuéllar: Conceptualization, Validation, Formal analysis,
Investigation, Writing — original draft, Writing - review & editing, Visualization,

Supervision, Project administration, Funding acquisition.

15


https://www.sciencedirect.com/science/article/pii/S1567576920337085?via=ihub#f0005

This is an Accepted Manuscript version of the following article, accepted for publication in International
Immunopharmacology. Rodero M, Cuéllar C. Modulation by Anisakis simplex antigen of inflammatory response
generated in experimental autoimmune encephalomyelitis. Int Immunopharmacol. 2021 Jan;90:107241. doi:
10.1016/j.intimp.2020.107241. Epub 2020 Dec 13. PMID: 33321294.
https://www.sciencedirect.com/science/article/pii/S1567576920337085 ?via=ihub#f0005. It is deposited under the
terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License
(http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and
reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built
upon in any way.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

References

[1] V. Viglietta, C. Baecher-Allan, H.L. Weiner, D.A. Hafler, Loss of functional
suppression by CD4+CD25+ regulatory T cells in patients with multiple sclerosis, J. Exp.
Med. 199 (2004) 971-979, https://doi.org/10.1084/jem.20031579.

[2] J.O. Fleming, T.D. Cook, Multiple sclerosis and the hygiene hypothesis, Neurology
67 (2006) 2085-2086, https://doi.org/10.1212/01.wnl.0000247663.40297.2d.

[3] A.C. La Flamme, K. Ruddenklau, B.T. B"ackstr'om, Schistosomiasis decreases
central nervous system inflammation and alters the progression of experimental
autoimmune  encephalomyelitis, Infect. Immun. 71 (2003) 4996-5004,
https://doi.org/10.1128/iai.71.9.4996-5004.2003.

[4] X. Zheng, X. Hu, G. Zhou, Z. Lu, W. Qiu, J. Bao, Y. Dai, Soluble egg antigen from
Schistosoma japonicum modulates the progression of chronic progressive experimental
autoimmune encephalomyelitis via Th2-shift response, J. Neuroimmunol. 194 (2008)
107-114, https://doi.org/10.1016/j.jneuroim.2007.12.001.

[5] K.P. Walsh, Infection with a helminth parasite attenuates autoimmunity through TGF-
beta-mediated suppression of Th17 and Thl responses, J. Immunol. 183 (2009) 1577-
1586, https://doi.org/10.4049/jimmunol.0803803.

[6] M.S. Wilson, M.D. Taylor, M.T. O’Gorman, A. Balic, T.A. Barr, K. Filbey, S. M.
Anderton, R.M. Maizels, Helminth-induced CD19+CD23hi B cells modulate
experimental allergic and autoimmune inflammation, Eur. J. Immunol. 40 (2010) 1682—
1696, https://doi.org/10.1002/eji.200939721.

16


https://www.sciencedirect.com/science/article/pii/S1567576920337085?via=ihub#f0005

This is an Accepted Manuscript version of the following article, accepted for publication in International
Immunopharmacology. Rodero M, Cuéllar C. Modulation by Anisakis simplex antigen of inflammatory response
generated in experimental autoimmune encephalomyelitis. Int Immunopharmacol. 2021 Jan;90:107241. doi:
10.1016/j.intimp.2020.107241. Epub 2020 Dec 13. PMID: 33321294.
https://www.sciencedirect.com/science/article/pii/S1567576920337085 ?via=ihub#f0005. It is deposited under the
terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License
(http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and
reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built
upon in any way.

[7] J.L. Reyes, A.F. Espinoza-Jim“enez, M.l. Gonzalez, L. Verdin, L.I. Terrazas, Taenia
crassiceps infection abrogates experimental autoimmune encephalomyelitis, Cell.
Immunol. 267 (2011) 77-87, https://doi.org/10.1016/j.cellimm.2010.11.006.

[8] K. Donskow-Lysoniewska, K. Krawczak, M. Machci'nska, M. Gtlaczy'nska, M.
Doligalska, Effects of intestinal nematode treatment on CD11b activation state in an EAE
mouse model of multiple sclerosis, Immunobiology 224 (2019) 817-826,
https://doi.org/10.1016/j.imbio.2019.08.004.

[9] C. Cuéllar, M.J. Perteguer, H.B. De Las, Effects of Anisakis simplex on nitric oxide
production in J774 macrophages, Scand. J. Infect. Dis. 30 (1998) 603-606,
https://doi.org/10.1080/00365549850161179.

[10] C. Cuéllar, M.J. Perteguer, M. Rodero, Presence of IL-4-like molecules in larval
excretory-secretory products and crude extracts from Anisakis simplex, Scand. J.
Immunol. 53 (2001) 483-488, https://doi.org/10.1046/j.1365-3083.2001.00905.x.

[11] S.K. Park, M.K. Cho, H.K. Park, K.H. Lee, S.J. Lee, S.H. Choi, M.S. Ock, H.J.
Jeong, M.H. Lee, H.S. Yu, Macrophage migration inhibitory factor homologs of Anisakis
simplex suppress Th2 response in allergic airway inflammation model via CD4+
CD25+Foxp3+ T cell recruitment, J. Immunol. 182 (2009) 6907-6914,
https://doi.org/10.4049/jimmunol.0803533.

[12] M.K. Cho, C.H. Lee, H.S. Yu, Amelioration of intestinal colitis by macrophage
migration inhibitory factor isolated from intestinal parasites through toll-like receptor 2,
Parasite Immunol. 33 (2011) 265-275, https://doi.org/10.1111/j.1365-
3024.2010.01276.x.

[13] V. Zamora, M. Rodero, J.C. Andreu-Ballester, S. Mendez, C. Cuéllar, Induction of
tolerogenic properties by Anisakis larval antigens on murine dendritic cells, Parasite
Immunol. 41 (2019) e12616, https://doi.org/10.1111/pim.12616.

[14] A. Daschner, M. Rodero, C. De Frutos, A. Valls, F. Vega, C. Blanco, C. Cuéllar,
Different serum cytokine levels in chronic vs. acute Anisakis simplex sensitization

17


https://www.sciencedirect.com/science/article/pii/S1567576920337085?via=ihub#f0005

This is an Accepted Manuscript version of the following article, accepted for publication in International
Immunopharmacology. Rodero M, Cuéllar C. Modulation by Anisakis simplex antigen of inflammatory response
generated in experimental autoimmune encephalomyelitis. Int Immunopharmacol. 2021 Jan;90:107241. doi:
10.1016/j.intimp.2020.107241. Epub 2020 Dec 13. PMID: 33321294.
https://www.sciencedirect.com/science/article/pii/S1567576920337085 ?via=ihub#f0005. It is deposited under the
terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License
(http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and
reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built
upon in any way.

associated urticaria, Parasite Immunol. 33 (2011) 357-362,
https://doi.org/10.1111/j.1365-3024.2011.01282.x.

[15] A. Daschner, V. Fern“andez-Figares, A. Valls, C. de Frutos, M. Rodero, F.M. Ubeira,
C. Cuéllar, Different fish-eating habits and cytokine production in chronic urticarial with
and without sensitization against the fish-parasite Anisakis simplex, Allergol. Int. 62
(2013) 191-201, https://doi.org/10.2332/allergolint.12-OA-0504.

[16] T. Arai, N. Akao, T. Seki, T. Kumagai, H. Ishikawa, N. Ohta, N. Hirata, S. Nakaji,
K. Yamauchi, M. Hirai, T. Shiratori, M. Kobayashi, H. Fujii, E. Ishii, M. Naito, S. Saitoh,
T. Yamaguchi, N. Shibata, M. Shimo, T. Tokiwa, Molecular genotyping of Anisakis
larvae in Middle Eastern Japan and endoscopic evidence for preferential penetration of
normal  over atrophic mucosa, PL0oS ONE 9 (2014) 89188,
https://doi.org/10.1371/journal.pone.0089188.

[17] J. Kira, Multiple sclerosis in the Japanese population, Lancet Neurol. 2 (2003) 117-
127, https://doi.org/10.1016/s1474-4422(03)00308-9.

[18] M.J. Perteguer, R. Raposo, C. Cuéllar, In vitro study on the effect of larval
excretory/secretory products and crude extracts from Anisakis simplex on blood
coagulation, Int. J. Parasitol. 26 (1996) 105-108, https://doi.org/10.1016/0020-
7519(95)00111-5.

[19] A. Slavin, C. Ewing, J. Liu, M. Ichikawa, J. Slavin, C.C. Bernard, Induction of a
multiple sclerosis-like disease in mice with an immunodominant epitope of myelin
oligodendrocyte glycoprotein, Autoimmunity 28 (1998) 109-120,
https://doi.org/10.3109/08916939809003872.

[20] F. Montarolo, C. Raffaele, S. Perga, S. Martire, A. Finardi, R. Furlan, S. Hintermann,

A. Bertolotto, Effects of isoxazolo-pyridinone 7e, a potent activator of the Nurrl
signaling pathway, on experimental autoimmune encephalomyelitis in mice, PLoS ONE
9 (2014) €108791, https://doi.org/10.1371/journal.pone.0108791.

18


https://www.sciencedirect.com/science/article/pii/S1567576920337085?via=ihub#f0005

This is an Accepted Manuscript version of the following article, accepted for publication in International
Immunopharmacology. Rodero M, Cuéllar C. Modulation by Anisakis simplex antigen of inflammatory response
generated in experimental autoimmune encephalomyelitis. Int Immunopharmacol. 2021 Jan;90:107241. doi:
10.1016/j.intimp.2020.107241. Epub 2020 Dec 13. PMID: 33321294.
https://www.sciencedirect.com/science/article/pii/S1567576920337085 ?via=ihub#f0005. It is deposited under the
terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License
(http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and
reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built
upon in any way.

[21] J. Correale, M.F. Farez, Does helminth activation of toll-like receptors modulate
immune response in multiple sclerosis patients? Front. Cell. Infect. Microbiol. 2 (2012)
112, https://doi.org/10.3389/fcimb.2012.00112.

[22] M.J. Perteguer, C. Cuéllar, Isotype-specific immune responses in murine
experimental anisakiasis, J. Vet. Med. Ser. B 45 (1998) 603-610,
https://doi.org/10.1111/j.1439-0450.1998.tb00833.x.

[23] B. Cree, Emerging monoclonal antibody therapies for multiple sclerosis, Neurologist
12 (2006) 171-178, https://doi.org/10.1097/01.nrl.0000204859.15501.6b.

[24] G. Disanto, J.M. Morahan, M.H. Barnett, G. Giovannoni, S.VV. Ramagopalan, The
evidence for a role of B cells in multiple sclerosis, Neurology 78 (2012) 823-832,
https://doi.org/10.1212/WNL.0b013e318249f6f0.

[25] M. Aslam, S.R. Kalluri, S. Cepok, V. Kraus, D. Buck, R. Srivastava, B. Hemmer,
The antibody response to oligodendrocyte specific protein in multiple sclerosis, J.
Neuroimmunol. 221 (2010) 81-86, https://doi.org/10.1016/j.jneuroim.2010.02.008.

[26] A. Yeste, F.J. Quintana, Antigen microarrays for the study of autoimmune diseases,
Clin. Chem. 59 (2013) 1036-1044, https://doi.org/10.1373/clinchem.2012.194423.

[27] R.M. Ransohoff, V.H. Perry, Microglial physiology: unique stimuli, specialized
responses, Annu. Rev. Immunol. 27 (2009) 119-145,
https://doi.org/10.1146/annurev.immunol.021908.132528.

[28] A. Chan, J. de Seze, M. Comabella, Teriflunomide in patients with
relapsingremitting forms of multiple sclerosis, CNS Drugs 30 (2016) 41-51,
https://doi.org/10.1007/s40263-015-0299-y.

[29] C. Confavreux, S. Vukusic, T. Moreau, P. Adeleine, Relapses and progression of
disability in multiple sclerosis, N. Engl. J. Med. 343 (2000) 1430-1438,
https://doi.org/10.1056/NEJM200011163432001.

19


https://www.sciencedirect.com/science/article/pii/S1567576920337085?via=ihub#f0005

This is an Accepted Manuscript version of the following article, accepted for publication in International
Immunopharmacology. Rodero M, Cuéllar C. Modulation by Anisakis simplex antigen of inflammatory response
generated in experimental autoimmune encephalomyelitis. Int Immunopharmacol. 2021 Jan;90:107241. doi:
10.1016/j.intimp.2020.107241. Epub 2020 Dec 13. PMID: 33321294.
https://www.sciencedirect.com/science/article/pii/S1567576920337085 ?via=ihub#f0005. It is deposited under the
terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License
(http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and
reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built
upon in any way.

[30] C. Confavreux, S. Vukusic, P. Adeleine, Early clinical predictors and progression of
irreversible disability in multiple sclerosis: an amnesic process, Brain 126 (2003) 770-
782, https://doi.org/10.1093/brain/awg081.

[31] B.V. Zlokovic, The blood-brain barrier in health and chronic neurodegenerative
disorders, Neuron 57 (2008) 178-201, https://doi.org/10.1016/j.neuron.2008.01.003.

[32] M. Blanchette, R. Daneman, Formation and maintenance of the BBB, Mech. Dev.
138 (2015) 8-16, https://doi.org/10.1016/j.m0d.2015.07.007.

[33] A. Daschner, C. Cuéllar, A. Alonso-G'omez, C.Y. Pascual, M. Martin-Esteban,
Serum CD23 is not altered in gastroallergic anisakiasis, but correlates with the production
of specific IgE and the amount of polyclonal stimulation, Allergy 56 (2001) 1003-1007,
https://doi.org/10.1034/j.1398-9995.2001.00207.x.

[34] M.J. McGeachy, S.M. Anderton, Cytokines in the induction and resolution of
experimental autoimmune encephalomyelitis, Cytokine 32 (2005) 81-84,
https://doi.org/10.1016/j.cyt0.2005.07.012.

[35] J. Liu, H. Zhao, Y. Wang, Y. Shao, L. Zhang, M. Xing, Impacts of simultaneous
exposure to arsenic (111) and copper (11) on inflammatory response, immune homeostasis,
and heat shock response in chicken thymus, Int. Immunopharmacol. 64 (2018) 60-68,
https://doi.org/10.1016/j.intimp.2018.08.021.

[36] L. Gorelik, S. Constant, R.A. Flavell, Mechanism of transforming growth factor
beta-induced inhibition of T helper type 1 differentiation, J. Exp. Med. 195 (2002) 1499-
1505, https://doi.org/10.1084/jem.20012076.

[37] D.J. Huss, R.C. Winger, H. Peng, Y. Yang, M.K. Racke, A.E. Lovett-Racke, TGF-
beta enhances effector Th1 cell activation but promotes self-regulation via IL-10, J.
Immunol. 184 (2010) 5628-5636, https://doi.org/10.4049/jimmunol.1000288.

[38] E. Bettelli, Y. Carrier, W. Gao, T. Korn, T.B. Strom, M. Oukka, H.L. Weiner, V. K.

Kuchroo, Reciprocal developmental pathways for the generation of pathogenic effector

20


https://www.sciencedirect.com/science/article/pii/S1567576920337085?via=ihub#f0005

This is an Accepted Manuscript version of the following article, accepted for publication in International
Immunopharmacology. Rodero M, Cuéllar C. Modulation by Anisakis simplex antigen of inflammatory response
generated in experimental autoimmune encephalomyelitis. Int Immunopharmacol. 2021 Jan;90:107241. doi:
10.1016/j.intimp.2020.107241. Epub 2020 Dec 13. PMID: 33321294.
https://www.sciencedirect.com/science/article/pii/S1567576920337085 ?via=ihub#f0005. It is deposited under the
terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License
(http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and
reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built
upon in any way.

TH17  and regulatory T  cells, Nature 441 (2006)  235-238,
https://doi.org/10.1038/nature04753.

[39] S. Rossi, C. Motta, V. Studer, F. Barbieri, F. Buttari, A. Bergami, G. Sancesario, S.
Bernardini, G. De Angelis, G. Martino, R. Furlan, D. Centonze, Tumor necrosis factor is
elevated in progressive multiple sclerosis and causes excitotoxic neurodegeneration,
Multiple Sclerosis 20 (2014) 304-312, https://doi.org/10.1177/1352458513498128.

[40] A. Nair, T.J. Frederick, S.D. Miller, Astrocytes in multiple sclerosis: a product of
their  environment, Cell. Mol. Life Sci. 65 (2008) 2702-2720,
https://doi.org/10.1007/s00018-008-8059-5.

[41] M. Noack, P. Miossec, Th1l7 and regulatory T cell balance in autoimmune and
inflammatory diseases, Autoimmun. Rev. 13 (2014) 668-677,
https://doi.org/10.1016/j.autrev.2013.12.004.

[42] Y. Dong, E.N. Benveniste, Immune function of astrocytes, Glia 36 (2001) 180-190,
https://doi.org/10.1002/glia.1107.

[43] E.A. Ivanova, A.N. Orekhov, T helper lymphocyte subsets and plasticity in
autoimmunity and cancer: an overview, Biomed Res. Int. 2015 (2015) 327470,
https://doi.org/10.1155/2015/327470.

21


https://www.sciencedirect.com/science/article/pii/S1567576920337085?via=ihub#f0005

This is an Accepted Manuscript version of the following article, accepted for publication in International
Immunopharmacology. Rodero M, Cuéllar C. Modulation by Anisakis simplex antigen of inflammatory response
generated in experimental autoimmune encephalomyelitis. Int Immunopharmacol. 2021 Jan;90:107241. doi:

10.1016/j.intimp.2020.107241. Epub 2020 Dec 13. PMID: 33321294.
https://www.sciencedirect.com/science/article/pii/S1567576920337085 ?via=ihub#f0005. It is deposited under the
terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License

(http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and
reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built
upon in any way.

& contrel group
-= treated group

Clinical Score

01 2 3 4 5 6 7 8 9 1011 12 12 14 15 16 17 18 19 20 11
days after immunization

[=]
[~]
|

40 i il 4 100 :
35| WE control group J 1 a0
g = treated group go] WM control group
‘3 o T0 treated group
- 25
g
= 20
015
'_.! 10
g
1} 0
1 2 3 4 5 67 8 % 1M111213141516 1718 18 20 21 1 2 3 4 5 6 7 8 8 10111213 14 15 16 17 18 18 20 21
days after immunization days after immunization

Fig. 1. (A) Clinical characteristics of EAE in female C57BL/6J mice immunized with
MOG35-55 (EAE control group) or immunized with MOG35-55 and Anisakis larval
antigen (EAE treated group). The values of the Clinical Score are represented throughout
the 21 days p.i. of the experiment. Data are presented as mean + standard deviation of 12
mice from two independent experiments. (B) Final clinical scores were obtained by
adding all the scores of all the individuals. (C) Percentage of mice with any disease
symptoms. (*P < 0.05; **P < 0.01; ****P < 0.0001).
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Fig. 2. (A) Mean weight in female C57BL/6J mice immunized with MOG35-55 (EAE
control group) or immunized with MOG35-55 and Anisakis larval antigen (EAE treated
group). Data are presented as mean = standard deviation of 12 mice from two independent
experiments. (B, C) Weight variation. (B) lost weight, (C) gained weight. (*P < 0.05; **P
< 0.01; ****P < 0.0001).
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Fig. 3. Antibody responses (IgG1) against Anisakis larval antigen (A, B) or MOG35-55
(C, D) in sera (A, C) and brains (B, D) from female C57BL/6J mice immunized with
MOG35-55 (EAE control group) or immunized with MOG35-55 and Anisakis larval
antigen (EAE treated group). The average values of the O.D. of the sera are represented
throughout the 21 days p.i. of the experiment (A, C). In the case of brain tests were carried
out on day 21 p.i. (B, D). Data are presented as mean + standard deviation of eight mice

from two independent experiments. (*P < 0.05; **P < 0.01; ***P < 0.001).
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Fig. 4. Levels of IL-2, IL-4, IL-6, IL-10, IL-12p40, IL-17A, IFN-y, TNF-o and TGF-f in
sera from female C57BL/6J mice immunized with MOG35-55 (EAE control group) or
immunized with MOG35-55 and Anisakis larval antigen (EAE treated group). The
average values of the pg/ml are represented throughout the 21 days p.i. of the experiment.
Data are presented as mean + standard deviation of eight mice from two independent

experiments. P < 0.05).
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Fig. 5. Ratio IFN-y/IL-4, IL-10/IL-4, IFN-y/IL-10, TGF-B/IL-17A, TNF-o/IL-4 and IL-
17A/IL-10, in sera from female C57BL/6J mice immunized with MOG35-55 (EAE
control group) or immunized with MOG35-55 and Anisakis larval antigen (EAE treated
group). The average values are represented throughout the 21 days p.i. of the experiment.
Data are presented as mean + standard deviation of eight mice from two independent

experiments. (*P < 0.05).
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Fig. 6. Levels of IL-2, IL-4, IL-6, IL-10, IL-12p40, IL-17A, IFN-y, TNF-o and TGF-f in
brains from female C57BL/6J mice immunized with MOG35-55 (EAE control group) or
immunized with MOG35-55 and Anisakis larval antigen (EAE treated group). Tests were
carried out on day 21 p.i. Data are presented as mean * standard deviation of eight mice

from two independent experiments. (*P < 0.05; **P < 0.01).
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Fig. 7. Ratio IFN-y/IL-4, IL-10/IL-4, IFN-y/IL-10, TGF-p/IL-17A, TNF-o/IL-4 and IL-
17A/IL-10, in brains from female C57BL/6J mice immunized with MOG35-55 (EAE
control group) or immunized with MOG35-55 and Anisakis larval antigen (EAE treated
group). Tests were carried out on day 21 p.i. Data are presented as mean + standard
deviation of eight mice from two independent experiments. (*P < 0.05; **P < 0.01).
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