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Abstract: Monoclonal antibodies (mAb) are promising therapeutics in multiple sclerosis and
multiple new candidates have been developed, hence increasing the need for some agreement
for preclinical mAb studies. We systematically analyzed publications of experimental autoimmune
encephalomyelitis (EAE) studies showing effects of monoclonal antibodies. A PubMed search
retrieved 570 records, out of which 122 studies with 253 experiments were eligible based on
experimental design, number of animals and presentation of time courses of EAE scores. Analysis
of EAE models, treatment schedules, single and total doses, routes of administration, and onset of
treatment from pre-immunization up to 35 days after immunization revealed high heterogeneity.
Total doses ranged from 0.1 to 360 mg/kg for observation times of up to 35 days after immunization.
About half of experiments (142/253) used total doses of 10–70 mg/kg. Employing this range, we
tested anti-Itga4 as a reference mAb at varying schedules and got no, mild or substantial EAE-score
reductions, depending on the mouse strain and onset of the treatment. The result agrees with the
range of outcomes achieved in 10 reported anti-Itga4 experiments. Studies comparing low and high
doses of various mAbs or early vs. late onset of treatment did not reveal dose-effect or timing-effect
associations, with a tendency towards better outcomes with preventive treatments starting within the
first week after immunization. The systematic comparison allows for extraction of some “common”
design characteristics, which may be helpful to further assess the efficacy of mAbs and role of specific
targets in preclinical models of multiple sclerosis.
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1. Introduction

Monoclonal antibodies are increasingly used and developed as therapeutics in multiple sclerosis
(MS). Prominent candidates are natalizumab targeting α-4 integrin and two “old” antibodies against
lymphocyte surface markers, alemtuzumab (CD52) and rituximab (CD20), which have been repurposed
for multiple sclerosis, and the recently from the U.S. Food and Drug Administration (FDA)-approved
ocrelizumab, also targeting the B-cell antigen, CD20 and is the first for relapsing remitting (RRMS) and
primary progressive forms of MS (PPMS) [1,2]. The success with these monoclonals in MS has raised
the scientific and pharmaceutical interest to develop additional, better or less problematic mAbs, and
several new candidates are being tested in phase-2 or -3 clinical trials. About one third of putative
novel MS therapeutics are monoclonal antibodies [3]. Natalizumab, which was approved in 2004, is a
second line drug despite its high efficacy because unfortunately, it is associated with occurrence of
progressive multifocal leukoencephalopathy, a serious virus infection with about 20% mortality [4].
Alemtuzumab targets the CD52-antigen on the surface of mature lymphocytes, monocytes, dendritic
cells and granulocytes and has a long history in the treatment of some types of leukemia. It was
reintroduced under a novel trade name for MS in 2014 [5], followed by daclizumab in 2016, which is a

Int. J. Mol. Sci. 2017, 18, 1992; doi:10.3390/ijms18091992 www.mdpi.com/journal/ijms

http://www.mdpi.com/journal/ijms
http://www.mdpi.com
http://dx.doi.org/10.3390/ijms18091992
http://www.mdpi.com/journal/ijms


Int. J. Mol. Sci. 2017, 18, 1992 2 of 18

humanized IgG1 mAb blocking receptor binding of interleukin (IL)-2 to CD25, previously used for
prevention of kidney transplant rejection. Alemtuzumab rapidly leads to clinical and radiographic
remission of MS but it is associated with the risk of developing new autoimmune disorders [6].
Recently, ocrelizumab was found not only to reduce the relapse rate in RRMS [1], but to reduce also
the disease progression in PPMS [2]. Presently, mAbs are second line drugs for escalation therapy
mostly for relapsing-remitting MS, but the success strongly suggests that mAbs targeting immune cell
subtypes, surface antigens or their ability to penetrate the blood brain barrier specifically interfere with
the autoimmune attack that leads to a destruction of the myelin sheaths in MS. A number of targets are
being evaluated, in particular CD40 [7,8] and its ligand and other tumor necrosis factor (TNF) family
members [9–11] and antibodies targeting IL-12 [12], IL-17 [13] or IL-21 [14].

To assess the efficacy of novel MS-specific mAbs, and to further repurpose monoclonal antibodies,
they have to be tested in terms of efficacy and safety in pre-clinical models, raising the need for some
agreement about experimental settings and study designs to increase comparability and predictability
for the efficacy in humans. Experimental autoimmune encephalomyelitis (EAE) is the most common
animal model for MS, but not beyond dispute because of the differences of human MS and rodent
EAE [15–17]. This limitation applies to all models, no matter whether the relapsing remitting EAE
(RR-EAE) in SJL/J and ABH Biozzi mice or Dark Agouti rats, or the primary progressive EAE (PP-EAE)
in C57Bl6 mice, or the monophasic EAE in Lewis rats are used [18]. This is a major challenge for all
candidate drugs, but specifically for antibodies, because some targets may need to be humanized
owing to low homology [19,20]. An example is rituximab, which is targeting the B-cell antigen, CD20
with 75% homology between mice and humans. It is quite effective in human MS [21], failed in the
C57BL6 mouse but strongly suppressed EAE in a human CD20 transgenic mouse on a C57BL6 genetic
background [19] suggesting that high specificity for the human protein may preclude efficacy in the
mouse unless the target is humanized. The results with common EAE models, which mainly rely
on T-cells further suggests that models are needed, which include B-cells, such as some spontaneous
EAE models, like the TCR1640 transgenic mice [22]. However, heterogeneity of the clinical courses
in TCR1640 mice limit their usefulness for drug evaluation studies. To solve this EAE dilemma,
marmoset monkeys are increasingly used including therapeutic studies with mAbs, but mostly with
highly variable effects, which mainly consisted in a right shift of the onset of clinical symptoms,
without affecting disease incidence or severity after discontinuation of mAb treatment [10,23–25].
In addition to EAE, cuprizone-evoked reversible demyelination is used to assess some aspects of
de- and remyelination, but effects of cuprizone are not mediated by autoimmune attack and hence,
mechanistically different. Consequently, only one study so far shows at the histology-level that a mAbs
might improve remyelination [26].

Because of the shortcomings of EAE models, there is some agreement among EAE researches to
test novel candidates in at least two different models, because the predictive value increases with the
number of models in which efficacy can be demonstrated. Mostly drugs are continuously or once
daily administered during the course of the EAE disease and a crucial decision is when to start the
therapy, for example at onset or peak of clinical symptoms or shortly after immunization or during
intervals. Above these considerations, which also apply for mAbs, the latter are very versatile in
terms of the potential dosing regimens or schedules. Even in humans, monoclonal antibodies may be
administered every 4 weeks or at intervals of 6 months, and mostly no longer than 2 years because
longer treatments increase the risk of viral infections. These human schedules cannot be re-translated
directly to the mouse so that there is presently no obvious rationale for choosing a specific regimen in
a rodent EAE study.

To address the current uncertainty in terms of preclinical study designs for evaluation of mAbs
in EAE models, the present systematic review summarizes results of various mAb-EAE studies in
mice, rats and marmosets ranging from 1990–2017 and provides a searchable Excel spreadsheet
detailing designs and schedules. The review extracts some agreeable design strategies, supported by
experimental data for anti-Itga4.
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2. Results

2.1. Paper Evaluation

Overall, 122 studies were eligible based on the selection criteria (Figure 1A, Table S1). They
assessed monoclonal Abs against 78 different targets in 253 experiments. All studies except one [27]
provided graphical presentations of time courses of the clinical score. Marmoset studies presented
results as individual time courses because of low numbers (4–6 per group) and high inter-individual
variability [10,24,25,28]. The marmoset studies were mostly underpowered for testing differences in
EAE severity. Instead, the disease onset was used as an indicator of therapeutic efficacy. For 3 studies,
information about the doses was missing [29–31]. The number of animals per treatment group
ranged from 3 to 40 with a mean of 9.6–11.3 for lower and higher margins of group sizes. Sixty-eight
experiments in 34 studies were done with <6 animals per group and numbers were not available for
13 studies involving 24 experiments.

1 
 

 
 
 
 
  

Figure 1. (A) Flow diagram showing the strategy of the literature search and paper selection criteria;
(B) Funnel plot showing the number of animals per experiment vs. effect sizes. Experiments
for which n-numbers were not reported are marked in red and presented below the other
experiments; (C) Histogram showing the frequency of weighted effect sizes of experiments suggesting
a Gauss distribution.



Int. J. Mol. Sci. 2017, 18, 1992 4 of 18

Although EAE scores are ordinal-scaled data, several studies used parametric statistical tests.
Nineteen studies employed unpaired Student’s t-tests for comparison of the clinical scores between
treatment groups, either for each time point individually, or by using the cumulative scores or without
further information. Further 23 studies used ANOVAs to compare treatment effects either using
one-way ANOVA for area under the curves (AUCs), or two-way ANOVAs for “time” by “group”.
In 47 studies, the non-parametric Mann Whitney U, Kruskal Wallis or Wilcoxon tests were employed.
Contingency tables for EAE incidence were presented in 11 studies using either χ2 statistics of
Fisher’s exact test and 27 studies did not employ statistical methods or did not report on the type of
statistics used.

Several studies presented the mean or median time course of EAE scores without indices of
inter-variability and the majority of the studies did not present sufficient data to calculate the effect size
according to Cohen’s D. Therefore, we used an estimate based on the graphical presentation of the EAE
time courses. Because variances were not available, the number of animals per treatment group was
used for weighting of the effect sizes. Funnel plots did not reveal a bias towards publication of positive
effects (Figure 1B) and the frequency distribution of the weighted effect size scores followed a normal
distribution (Figure 1C). “No-effect” results (33 experiments in 25 studies) were mostly reported in
papers, which also presented experiments where attenuation or aggravation was observed. These
studies mostly provided plausible explanations for failure in a specific experiment, such as too low [9]
or too high dose [32], too early [33] or too late treatment onset [34], different antibody clones [11],
different EAE models [35] or dual functions of the targets [36].

2.2. Treatments Schedules and Doses

In humans, single doses of monoclonal antibodies in MS patients range from 1–2 mg/kg for
daclizumab, 3–6 mg/kg for natalizumab, 1, 3 or 10 mg/kg for alemtuzumab and 10–15 mg/kg for
rituximab. Hence, translated to mice, one may consider a single dose of 1–15 mg/kg as a reasonable
start, and most studies used doses in this range (92 studies with 181 experiments). There was much
less consensus in terms of the dosing frequency, intervals and start of treatment. Particularly the
latter ranges from 7 days before immunization [33,37,38] up to 35 days after active immunization [39].
The heterogeneity of treatment schedules is illustrated in Figures 2–4 for PP-EEA in C57Bl6 mice,
RR-EAE in SJL/J mice and for adoptive transfer models, respectively. Twenty-eight studies compared
effects of different treatment regimens (Figure 5A), but in contrast to small molecular MS drugs,
which normally show stronger efficacy on preventive (i.e., early) therapy, there was no significant
association between onset of therapy and observed efficacy (Figure 5A–C). Instead, experiments
employing pre-immunization or pre-adoptive transfer regimens had a high rate of unfavorable
worsening outcomes (8 out of 30 experiments), which could not be explained by targeting protective
proteins or cells.

Most studies used dosing intervals of 1–3 days (Figures 2–4), but the number of doses ranged
from single injections in 34 experiments (22 studies) up to 30 doses (2 studies) [12,23]. Hence, total
doses ranged from 0.1 to 360 mg/kg for an observation time of 35 days after immunization or adoptive
transfer (Figure 5D–G). Twenty-five studies assessed efficacy at two or more different total doses
(Figure 5F). Overall, there was no association between total or single doses with weighted effect
sizes (Figure 5D–F). The result was similar with and without inclusion of “aggravation-experiments”.
In studies where the lower dose was less effective (5 studies) it was 10–100-fold lower than the
“common” doses, hence rather a placebo. Nine studies testing anti-Itga4 in 21 experiments did not
show dose-dependent effects but revealed that the efficacy dropped if treatment was initiated after
onset of the clinical symptoms (Figure 5H,I).
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Figure 2. Treatment schedules with monoclonal antibodies in the C57BL6 mouse model of primary 
progressive experimental autoimmune encephalomyelitis (PP-EAE) after active immunization on day 
zero. The schedules are aligned with the mean time course ±95% confidence interval (red area) of the 
pooled clinical experimental autoimmune encephalomyelitis (EAE) scores of 92 mice of our own 
studies. Mice were untreated or receiving placebo. The left panel shows the targets, the right columns 
show the total dose in mg/kg (green), single dose (mg/kg, blue) and the effect size score (red), not 
weighted fro number of mice. The effect sizes range from 6 (very strong reduction of EAE scores) to 
0 (no effect), and is negative (−1 or −2) where the antibody made the disease worse. The schedule 
ranges from −5 days up to 35 days and is color-coded. The darker the red, the higher was the single 
dose. Days without treatment are green, days without observation white. Observations > 35 days in 2 
studies were cut. 

Figure 2. Treatment schedules with monoclonal antibodies in the C57BL6 mouse model of primary
progressive experimental autoimmune encephalomyelitis (PP-EAE) after active immunization on day
zero. The schedules are aligned with the mean time course ±95% confidence interval (red area) of
the pooled clinical experimental autoimmune encephalomyelitis (EAE) scores of 92 mice of our own
studies. Mice were untreated or receiving placebo. The left panel shows the targets, the right columns
show the total dose in mg/kg (green), single dose (mg/kg, blue) and the effect size score (red), not
weighted fro number of mice. The effect sizes range from 6 (very strong reduction of EAE scores) to
0 (no effect), and is negative (−1 or −2) where the antibody made the disease worse. The schedule
ranges from −5 days up to 35 days and is color-coded. The darker the red, the higher was the single
dose. Days without treatment are green, days without observation white. Observations > 35 days in 2
studies were cut.
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Figure 3. Treatment schedules with monoclonal antibodies in the SJL/J mouse model of relapsing-
remitting EAE (RR-EAE) after active immunization on day zero. The schedules are aligned with the 
mean pooled EAE time course ±95% confidence interval (red area) of 112 mice of our own studies. 
Mice were untreated or receiving placebo. The schedules range from −3 days up to 35 days and are 
color-coded as in Figure 2. The darker the red, the higher was the single dose. Days without treatment 
are green, days without observation white. Two schedules with observation times > 35 days were cut. 

Figure 3. Treatment schedules with monoclonal antibodies in the SJL/J mouse model of relapsing-
remitting EAE (RR-EAE) after active immunization on day zero. The schedules are aligned with the
mean pooled EAE time course ±95% confidence interval (red area) of 112 mice of our own studies.
Mice were untreated or receiving placebo. The schedules range from −3 days up to 35 days and are
color-coded as in Figure 2. The darker the red, the higher was the single dose. Days without treatment
are green, days without observation white. Two schedules with observation times > 35 days were cut.



Int. J. Mol. Sci. 2017, 18, 1992 7 of 18
Int. J. Mol. Sci. 2017, 18, 1992 7 of 18 

 

 

Figure 4. Treatment schedules with monoclonal antibodies in the C57BL6 mice (upper 5 rows) and 
SJL/J mice after induction of EAE by adoptive transfer of auto-aggressive immune cells obtained from 
actively immunized mice. The illustration of the time course of the clinical scores after adoptive 
transfer is based on the literature. The schedule ranges from −2 days before adoptive transfer up to 35 
days and is color-coded as in Figure 2. The darker the red, the higher was the single dose. Days 
without treatment are green, days without observation white. Two schedules with observation times 
> 35 days were cut. 

 

Figure 4. Treatment schedules with monoclonal antibodies in the C57BL6 mice (upper 5 rows) and
SJL/J mice after induction of EAE by adoptive transfer of auto-aggressive immune cells obtained from
actively immunized mice. The illustration of the time course of the clinical scores after adoptive transfer
is based on the literature. The schedule ranges from −2 days before adoptive transfer up to 35 days
and is color-coded as in Figure 2. The darker the red, the higher was the single dose. Days without
treatment are green, days without observation white. Two schedules with observation times > 35 days
were cut.
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Figure 5. (A) Scatter plots showing the weighted effect size scores of experiments with different 
treatment regimens. The effect size score ranges from 6 (very strong reduction of EAE scores) to 0 (no 
effect) and is negative (−1 or −2) if the antibody aggravated the disease. The scores were weighted 
according to the number of animals per treatment group (n) by multiplication of the effect size with 
n/10; (B) Association of weighted effect size scores with the day of onset of the treatment. The line 
shows the linear regression plus 95% CI (dotted lines), not significant (n.s); (C) Weighted effect size 
scores for studies, which directly compared early (preventive or pre-onset) and late (onset, post-onset 
and late) therapeutic regimens. For three different schedules, the earliest and latest were used. For 
studies with 4 schedules 2 pairs were used. There was no association between onset of therapy with 
the effect size, Wilcoxon matched-pairs signed rank test, p = 0.2406; (D) Association of weighted effect 
size scores with the total dose in mg/kg for C57Bl6 and SJL/J mice and rats. Mice with mixed 
backgrounds are included. If the dose was given in µg per animal, the amount in mg/kg was estimated 
based on a body weight of 25 g per mouse, 300 g per Lewis rat and 200 g per dark agouti (DA) rat; (E) 
Association of weighted effect size scores with the single dose in mg/kg. The line shows the linear 
regression plus 95% CI (dotted lines), n.s; (F) Weighted effect size scores for studies, which directly 
compared 2 or more different doses. For studies with 3 doses the lowest and highest were used. Each 
line represents one study. Overall, there was no dose-effect relationship, Wilcoxon matched-pairs 
signed rank test, p = 0.4493; (G) Histogram of total doses in mg/kg including all experiments; (H) 
Association of weighted effect size scores with the total dose in mg/kg for experiments targeting VLA-
4 (Itga4/Itga2 dimer) with Itga4 antibodies. The line shows the linear regression plus 95% CI (dotted 
lines), n.s; (I) Association of weighted effect size scores with the day of treatment onset for 
experiments targeting VLA-4 (Itga4/Itga2 dimer). The line shows the linear regression plus 95% CI 
(dotted lines). The slope of the regression line differed significantly from zero, p = 0.0046. 

2.3. Natalizumab Effects Depending on Treatment Schedules 

To address the impact of treatment schedules relative to disease onset we assessed the effects of 
anti-Itga4 in four independent experiments (Figure 6), testing two routes of administration 
(intraperitoneal (i.p.) vs. intravenous (IV)), two strains (SJL/J, C57BL6) and two schedules (peak vs. 
pre-onset). In 2 experiments with SJL/J mice we observed a mild reduction of EAE scores, either with 
i.p. or IV injections, starting at the time of the first peak (Effect size 2, onset day 11). With the same 
i.p. schedule, anti-Itga4 had no effect in C57BL6 mice. However, anti-Itga4 considerably reduced EAE 
scores (effect size score 4) in another experiment in SJL/J mice, in which treatment was initiated before 
onset of the scores 5 days after immunization (preventive), hence supporting the idea that efficacy of 
anti-Itga4 depended on the day of treatment start relative to the onset of clinical scores. 

Figure 5. (A) Scatter plots showing the weighted effect size scores of experiments with different
treatment regimens. The effect size score ranges from 6 (very strong reduction of EAE scores) to 0 (no
effect) and is negative (−1 or −2) if the antibody aggravated the disease. The scores were weighted
according to the number of animals per treatment group (n) by multiplication of the effect size with
n/10; (B) Association of weighted effect size scores with the day of onset of the treatment. The line
shows the linear regression plus 95% CI (dotted lines), not significant (n.s); (C) Weighted effect size
scores for studies, which directly compared early (preventive or pre-onset) and late (onset, post-onset
and late) therapeutic regimens. For three different schedules, the earliest and latest were used. For
studies with 4 schedules 2 pairs were used. There was no association between onset of therapy with the
effect size, Wilcoxon matched-pairs signed rank test, p = 0.2406; (D) Association of weighted effect size
scores with the total dose in mg/kg for C57Bl6 and SJL/J mice and rats. Mice with mixed backgrounds
are included. If the dose was given in µg per animal, the amount in mg/kg was estimated based on a
body weight of 25 g per mouse, 300 g per Lewis rat and 200 g per dark agouti (DA) rat; (E) Association
of weighted effect size scores with the single dose in mg/kg. The line shows the linear regression plus
95% CI (dotted lines), n.s; (F) Weighted effect size scores for studies, which directly compared 2 or
more different doses. For studies with 3 doses the lowest and highest were used. Each line represents
one study. Overall, there was no dose-effect relationship, Wilcoxon matched-pairs signed rank test,
p = 0.4493; (G) Histogram of total doses in mg/kg including all experiments; (H) Association of
weighted effect size scores with the total dose in mg/kg for experiments targeting VLA-4 (Itga4/Itga2
dimer) with Itga4 antibodies. The line shows the linear regression plus 95% CI (dotted lines), n.s;
(I) Association of weighted effect size scores with the day of treatment onset for experiments targeting
VLA-4 (Itga4/Itga2 dimer). The line shows the linear regression plus 95% CI (dotted lines). The slope
of the regression line differed significantly from zero, p = 0.0046.

2.3. Natalizumab Effects Depending on Treatment Schedules

To address the impact of treatment schedules relative to disease onset we assessed the effects
of anti-Itga4 in four independent experiments (Figure 6), testing two routes of administration
(intraperitoneal (i.p.) vs. intravenous (IV)), two strains (SJL/J, C57BL6) and two schedules (peak vs.
pre-onset). In 2 experiments with SJL/J mice we observed a mild reduction of EAE scores, either with
i.p. or IV injections, starting at the time of the first peak (Effect size 2, onset day 11). With the same
i.p. schedule, anti-Itga4 had no effect in C57BL6 mice. However, anti-Itga4 considerably reduced EAE
scores (effect size score 4) in another experiment in SJL/J mice, in which treatment was initiated before
onset of the scores 5 days after immunization (preventive), hence supporting the idea that efficacy of
anti-Itga4 depended on the day of treatment start relative to the onset of clinical scores.
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mg/kg. Each experiment comprised 10 mice per treatment group and data are the mean ± sem 
(standard error of mean). The effect size scores in SJL/J was 2 (mild reduction) to 4 (substantial). There 
was no effect in C57BL6 mice. The top panel shows the schedules. 

2.4. Targets: Favorable Candidates 

Monoclonal antibodies were directed against 78 different targets (Figures 7 and 8) including cell 
surface markers of T cells, B cells, dendritic cells (DCs), microglia and macrophages, endothelial cells 
and NK cells and secreted factors including cytokines, chemokines, semaphorins and complement 
factors. Failures appeared to occur randomly in some experiments with several targets, which were 
tested in more than one study including anti-Itga4, which failed in 2 experiments [40,41]. The same 
antibody, PS/2, provided moderate to strong EAE reduction in other studies at similar doses [40–44] 
and aggravated symptoms in one study [40], the latter in an adoptive transfer experiment with late 
onset of therapy, where the mAb increased the relapse rate. Similarly, anti-CD40L failed twice [9,45], 
while the same antibody (MR-1) was moderately to strongly effective in other studies, all using SJL/J 
mice with the same preventive regimen and similar doses [7–9,11,46]. One failure with anti-CD40L 
was likely caused by a low dose, the other without obvious reason. Nevertheless, CD40L or its 
receptor appear to be promising targets. Other promising candidates with at least 4 positive 
experiments (effect size > 0, highlighted by color lettering in Figure 7) and no aggravations, include 
Sema4d [30,47], CD28 [48–50], CD52 [51–53], IL-12 [12,25,46,54], IL-17 [13,28,55–58] and some TNF 
family members [59]. Experiments showing strong efficacy of mAbs targeting Itgal/CD11a and 
Itgam/CD11b were obtained all in one study using 4-6 mice per group [60]. In addition, some mAbs 
were so far tested only once, such as anti Lingo1 [61], but might be promising candidates. 

Figure 6. Time courses of EAE scores in SJL/J or C57BL6 mice treated with anti-Itga4 or placebo
according to the schedules and doses presented in the figure. The single doses ranged from 6–20 mg/kg.
Each experiment comprised 10 mice per treatment group and data are the mean ± sem (standard error
of mean). The effect size scores in SJL/J was 2 (mild reduction) to 4 (substantial). There was no effect in
C57BL6 mice. The top panel shows the schedules.

2.4. Targets: Favorable Candidates

Monoclonal antibodies were directed against 78 different targets (Figures 7 and 8) including cell
surface markers of T cells, B cells, dendritic cells (DCs), microglia and macrophages, endothelial cells
and NK cells and secreted factors including cytokines, chemokines, semaphorins and complement
factors. Failures appeared to occur randomly in some experiments with several targets, which were
tested in more than one study including anti-Itga4, which failed in 2 experiments [40,41]. The same
antibody, PS/2, provided moderate to strong EAE reduction in other studies at similar doses [40–44]
and aggravated symptoms in one study [40], the latter in an adoptive transfer experiment with late
onset of therapy, where the mAb increased the relapse rate. Similarly, anti-CD40L failed twice [9,45],
while the same antibody (MR-1) was moderately to strongly effective in other studies, all using SJL/J
mice with the same preventive regimen and similar doses [7–9,11,46]. One failure with anti-CD40L
was likely caused by a low dose, the other without obvious reason. Nevertheless, CD40L or its receptor
appear to be promising targets. Other promising candidates with at least 4 positive experiments
(effect size > 0, highlighted by color lettering in Figure 7) and no aggravations, include Sema4d [30,47],
CD28 [48–50], CD52 [51–53], IL-12 [12,25,46,54], IL-17 [13,28,55–58] and some TNF family members [59].
Experiments showing strong efficacy of mAbs targeting Itgal/CD11a and Itgam/CD11b were obtained



Int. J. Mol. Sci. 2017, 18, 1992 10 of 18

all in one study using 4-6 mice per group [60]. In addition, some mAbs were so far tested only once,
such as anti Lingo1 [61], but might be promising candidates.Int. J. Mol. Sci. 2017, 18, 1992 10 of 18 

 

 
Figure 7. Scatter plots showing the weighted effect size scores per experiment including targets with 
at least 2 experiments. Itga4 (VLA-4) was the most frequently targeted molecule. Results of our own 
studies targeting Itga4 appear as filled red dots. Worsening with anti-Itga4 occurred in a late adoptive 
transfer experiment, where it increased the relapse rate. Promising targets with at least 4 positive 
experiments (effect size > 0) and no aggravations are highlighted by color of the respective group. For 
some targets, the classification of “promising” is based on results of only one study (3G11 epitope, 
Mbp, CD134/Tnfrsf4, Itgal/CD11a). One failure (effect size 0) for CD40LG was caused by low dose. 
For Ms4a1/ani-CD20 worsening was caused by B-cell depletion pre-immunization. 

2.5. Targets: Unfavorable Candidates 

Monoclonal antibody treatments aggravated EAE symptoms in 30 experiments of 26 studies 
(Figure 5A). For some targets, aggravation depended on the treatment schedule, and overall 
aggravation tended to be more frequent in pre-immunization or preventive studies as compared to 
treatments starting at or after onset (Figure 5A). For example, pre-immunization treatment with anti-
Ms4a1/CD20 aggravated the disease [31,33,38] whereas later treatment reduced EAE scores [33] or 
had no effects [38] suggesting that pre-immunization B cell depletion favored the auto-aggressive T-
cell response. Indeed, pre-immunization depletion of B cells reduced the numbers of regulatory B 
and T cells (Tregs) [33], which are essential to control the autoimmune response. Targeting the Treg 
surface antigen, CD25/IL2ra similarly aggravated the disease [62]. 

Targeting of natural killer cell surface molecules caused dual effects. Blocking Klrb1, which 
likely confers inhibitory functions on natural killer T (NKT) cells aggravated EAE symptoms [63], 
whereas blocking Klrc1 [64] reduced the scores. Worsening also occurred by targeting CD86 [36,65], 
which is expressed on antigen-presenting cells (APCs) and provides costimulatory signals necessary 
for T cell activation and survival. It is the receptor for two different proteins on the T cell surface, 
CD28 for activation and CTLA4 for attenuation, and it works in tandem with CD80 to prime T cells. 
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scores [36,65,66], whereas blocking CD28 attenuated the disease [48,49]. Hence, outcomes were partly 
but not entirely explained by the different functions of the players. Further unfavorable outcomes 
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Figure 7. Scatter plots showing the weighted effect size scores per experiment including targets with
at least 2 experiments. Itga4 (VLA-4) was the most frequently targeted molecule. Results of our own
studies targeting Itga4 appear as filled red dots. Worsening with anti-Itga4 occurred in a late adoptive
transfer experiment, where it increased the relapse rate. Promising targets with at least 4 positive
experiments (effect size > 0) and no aggravations are highlighted by color of the respective group. For
some targets, the classification of “promising” is based on results of only one study (3G11 epitope,
Mbp, CD134/Tnfrsf4, Itgal/CD11a). One failure (effect size 0) for CD40LG was caused by low dose.
For Ms4a1/ani-CD20 worsening was caused by B-cell depletion pre-immunization.

2.5. Targets: Unfavorable Candidates

Monoclonal antibody treatments aggravated EAE symptoms in 30 experiments of 26 studies
(Figure 5A). For some targets, aggravation depended on the treatment schedule, and overall
aggravation tended to be more frequent in pre-immunization or preventive studies as compared
to treatments starting at or after onset (Figure 5A). For example, pre-immunization treatment with
anti-Ms4a1/CD20 aggravated the disease [31,33,38] whereas later treatment reduced EAE scores [33]
or had no effects [38] suggesting that pre-immunization B cell depletion favored the auto-aggressive
T-cell response. Indeed, pre-immunization depletion of B cells reduced the numbers of regulatory B
and T cells (Tregs) [33], which are essential to control the autoimmune response. Targeting the Treg
surface antigen, CD25/IL2ra similarly aggravated the disease [62].

Targeting of natural killer cell surface molecules caused dual effects. Blocking Klrb1, which
likely confers inhibitory functions on natural killer T (NKT) cells aggravated EAE symptoms [63],
whereas blocking Klrc1 [64] reduced the scores. Worsening also occurred by targeting CD86 [36,65],
which is expressed on antigen-presenting cells (APCs) and provides costimulatory signals necessary
for T cell activation and survival. It is the receptor for two different proteins on the T cell surface,
CD28 for activation and CTLA4 for attenuation, and it works in tandem with CD80 to prime T cells.



Int. J. Mol. Sci. 2017, 18, 1992 11 of 18

They are all B-7 family members. In this context, blocking CD80 or CTLA4 had dual effects on EAE
scores [36,65,66], whereas blocking CD28 attenuated the disease [48,49]. Hence, outcomes were partly
but not entirely explained by the different functions of the players. Further unfavorable outcomes were
observed in experiments employing mAbs against interferon (IFN) [67,68] or the cell surface proteins
Tim1/Havcr1 [69] and Trem2 [70]. The latter have co-stimulatory, pro-inflammatory functions and
soluble Trem2 is increased in cerebrospinal fluid (CSF) of MS patients [71]. Hence, it is not clear why
the respective mAbs not only missed the expected therapeutic benefit but aggravated the symptoms.

2.6. Experimental Autoimmune Encephalomyelitis (EAE) Models and Strains or Species Effects

Unlike other MS drugs, efficacy of monoclonal antibodies did not substantially differ between
C57BL6 and SJL/J mice in studies, in which both strains were directly compared. Seventeen studies
compared two or more different strains or active immunization vs. adoptive transfer. The outcomes
were similar, except for anti-CD70 and anti-CD137, which failed or aggravated symptoms on adoptive
transfer (effect size 0 or −2) but completely prevented or strongly reduced EAE on active immunization
(effect size 6 or 4–5) [35,72]. Inversely, anti-CXCR3 was strongly effective on adoptive transfer, but
failed after active immunization [73]. Only one study addressing Sema4d directly compared mice and
DA rats with similar outcomes [47]. All other studies with rats used the monophasic model in Lewis
rats (15 with 33 experiments) but with multiple methods to evoke the disease, 20 experiments with
active immunization, 13 with adoptive transfer. The total dose ranged from 0.3–30 mg/kg and the
regimens were preventive or pre-onset owing to the monophasic course in this model. Hence, studies
using rats were even more diverse.
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Figure 8. Graphical illustration of the majority of candidates, which were targeted with monoclonal
antibodies in EAE studies and mechanisms of some approved mAbs or promising candidates.
Abbreviations: APC, antigen presenting cells; CD, cluster of differentiation; CCR and CXCR, chemokine
receptors; CCL21 and IP10, chemokines; IFN, interferon; IL, interleukin; LPA, lysophosphatidic acid;
OLG, oligodendrocytes; S1P, sphingosine-1-phosphate; VLA-4, very late antigen 4; VCAM, vascular
cell adhesion molecule. Mechanisms of currently approved disease modifying drugs in MS have been
illustrated in [74].
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3. Discussion

The present compilation of EAE studies that tested mAbs illustrates the heterogeneity of treatment
schedules, dosages, models and outcomes and reflects the uncertainty in terms of study design, which
may be most qualified to reveal the impact of the target rather than that of timing and dosing.
The heterogeneity of the studies reflects the EAE dilemma, which is the best model for human MS but
cannot be translated 1:1 to human MS, neither in terms of mechanisms nor therapeutic success [15–17].
Obviously, there is no universally valid approach but comparison of the studies and own results
provides some general “rules”, which may be useful for future studies: (1) Intravenous injection had
no advantage over intraperitoneal injections, supported by a number of studies showing bioavailability
of the antibody after i.p. injection [47]. Oral treatment may have an impact on the disease, but by
changing immune balances in the gut [32,75], because systemic bioavailability by this route was not
observed; (2) Start of treatment before immunization had no advantage and was rather associated with
failure; (3) Start of treatment before onset of clinical symptoms (preventive) improved the outcome
for some antibodies, but overall there was no obvious advantage, likely because cells or soluble
factors must be abundant and available in the blood for full exploitation of the neutralizing effects.
In addition, too early treatment may elicit counterbalancing adaptations that limit the antibody efficacy.
Unfortunately, very few studies tested the in vivo time course of target neutralization or cell depletion
after i.p. or intravenous administration of the respective antibody. Mostly, such data are available
for B cell depletion after injection of antibodies targeting B cell surface antigens [19,38,76], but rarely
for soluble factors [47]; (4) Short-term treatment over 3–4 days was equally effective as long-term
treatment with injections every day or every other day; (5) A reasonable range of 1–10 mg/kg may
be suggested as a single dose and 10–70 mg/kg as the total dose up to 35 days after immunization.
Fifty percent of the experiments (142 out of 253) fall into this range; (6) Depending on the model,
observation times of 30–35 days are required to avoid overseeing of late effects. For example, one
study observed a higher rate of late relapses in mice treated with anti-Itga4 in an adoptive transfer
EAE model [40], which would have been missed with shorter observation.

Correct timing of treatment and monitoring are crucial. Particularly, for mAbs targeting
autoimmune B cells, opposing effects were observed with early and later treatments, because different
B cell subtypes promote or inhibit EAE pathophysiology [33,77]. Particularly, spontaneous EAE models
rely in part on B cells [22,41], but were used in only one study with anti-Itga4 [41]. Memory B cells,
which cross the blood–brain barrier, are believed to undergo re-stimulation, antigen-driven maturation,
clonal expansion, and differentiation into antibody-secreting plasma cells within the central nervous
system. Hence, mAb treatment targeting B cells must prevent the entry or the local expansion without
interfering with their regulatory effects. This also holds true for T cells and APCs and may explain
the duality of effects of mAbs targeting B-7 family members. However, some outcomes remained
enigmatic and question the reliability and reproducibility, particularly if groups comprised <8 animals.
Small n-numbers applied to about half of the experiments (116 out of 253).

For quantitative comparisons and regression analyses, we used an estimate of the effect size based
on the graphical presentation of the time courses of the EAE scores, body weights where available,
and the change of the AUC under mAb treatment. Although the effect size scores were independently
extracted by two researchers with high agreement (±1 of the effect size score), and without knowledge
of the interpretation of the result by the respective authors, the estimate is an approximation of the
outcome and might miss details, which may be relevant for the efficacy of a certain mAbs. In particular,
although listed in Table S1, the effect size score does not consider the reported biological effects on
immune cell subpopulations, cytokine levels, blood brain barrier integrity or other readouts of the
disease severity. The effect size scores were weighted according to the number of animals using the
upper margin in case of unequal group sizes. This weighting method does not take into account that
effects of some mAbs were corroborated with results of the respective knockout. In some studies,
the mAb was rather used to support the knockout phenotype, which may justify the use of small
group sizes. Despite these limitation, the effect size estimate allows for a comparison of outcomes
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of heterogenous studies and it would be desirable that future studies report the “EAE score vs. time
AUCs”, their SD and variances to allow for easier comparison across models and species.

4. Methods

4.1. Literature Search, Dosing Estimates and Association Analysis

We systematically searched PubMed for all publications describing controlled studies that
investigated effects of monoclonal antibodies in EAE models in laboratory rodents or primates up
to August 2017, irrespective of dose, dosing schedule, route of administration and observation time
(search terms in Figure 1). Two authors independently assessed each abstract for eligibility and
extracted data on characteristics of the experimental model, treatments and outcome measures.
We included studies reporting the outcome as either time course of the clinical EAE scores or
contingency tables reporting EAE incidences in treatment and control groups. Publications had
to state the number of animals per group, route of administration, doses and days of treatment and
we excluded reviews, books, letters, clinical trials, case reports, or editorials. We further excluded
studies published in non-peer reviewed journals, non-English publications, and studies for which full
texts were not available. The following data was extracted and listed in spread sheet columns: article
information (title, author, journal, publication year), mAb target, animal species, age, gender, EAE
model, immunization or adoptive transfer protocol, dose, time of therapy, route of administration,
duration of treatment, clinical EAE scores, statistical methods, molecular or cellular effects and
observation time. Studies reporting more than one experiment with different settings were split into
2 or more rows.

The total doses were normalized per kilogram of body weight and calculated as “single dose” X
“number of injections”. For studies which reported doses per animal but not body weight we used
body weight estimates of 25 g per mouse and 300 g per Lewis or 200 g per DA rat.

The effect sizes were calculated according to Cohen’s d (where possible) using reported results
of t-tests or Mann Whitney U-tests and estimates of the areas under the time courses of the EAE
scores. Positive effect sizes were then categorized according to a 6-point scale ranging from 0–6, and
meaning no-effect (0), minor (1), mild (2), moderate (3), substantial (4), strong (5) or very strong
reduction of the scores (i.e., “6” = 95–100% reduction). For studies, in which the monoclonal antibody
increased the clinical scores compared with the control group, that is, where treatment worsened the
disease, the effect size was scored as “−1” or “−2”. More severe worsening did not occur. If the effect
consisted exclusively in a delay of clinical symptoms without change of disease intensity the effect
was considered to be minor, mild or moderate (i.e., 1, 2 or 3) depending on the time of the disease free
period. The latter mainly applied to marmoset studies. The effect size score was weighted based on
the number of animals per treatment group (n), by multiplication of the effect size score with n/10.
A group size of 10 was used as “standard”, because it is the recommended number of animals per
group for EAE studies and was the mean and most frequently used number of animals per group.
To assess the associations of effect sizes vs. total doses, vs. single doses or vs. treatment onset, weighted
effect size scores were plotted vs. the respective parameters including all experiments irrespective
of the target of the mAb, or only those studies which addressed dose responses or onset-dependent
responses. Linear regression analyses were used to assess the dependent or independent nature of
each two parameters, and were performed for unweighted and weighted effect size scores.

4.2. Induction of EAE and Clinical Assessment of the Schedule Dependent Effects of Anti-Itga4

C57BL6/J mice were immunized according to a standard protocol using the Hooke Kit™
MOG35-55/CFA emulsion PTX (EK-2110, Hooke Labs, St Lawrence, MA, USA), which contains 200 µg
myelin oligodendrocyte glycoprotein (MOG) 35–55 emulsified in 200 µL Complete Freund’s Adjuvant
(CFA). The emulsion was injected subcutaneously at two sites followed by two intraperitoneal (i.p.)
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injections of 200 ng pertussis toxin (PTX) in phosphate buffered saline (PBS), the first 1–2 h after
MOG35-55, and the second 24 h thereafter.

SJL mice were immunized according to a standard protocol using Hooke Kit™ PLP139-151/CFA
emulsion PTX (EK-0123), which contains 200 µg myelin proteolipid protein (PLP) 139-151 in 200 µL
CFA (Hooke Labs, USA). The emulsion was injected subcutaneously at two sites followed by two i.p.
injections of 200 ng PTX in PBS, the first 1–2 h after PLP135-151, and the second 24 h after PLP135–151.

EAE scores and body weights were assessed daily to evaluate the severity and stage of the disease
by an observer who was not aware of the treatments. Score 0 means no obvious changes in motor
functions. Score 0.5 is a distal paralysis of the tail; score 1 complete tail paralysis; score 1.5 mild paresis
of one or both hind legs; score 2 severe paresis of hind legs; score 2.5 complete paralysis of one hind
leg; score 3 complete paralysis of both hind legs and score 3.5 complete paralysis of hind legs and
paresis of one front leg. Mice reaching scores ≥ 3.5 were euthanized.

Anti-Itga4 monoclonal antibody or placebo was injected i.p. or IV using different schedules
and doses in 4 independent experiments in SJL/J or C57BL6 mice each consisting in 10/10 mice
for mAb and placebo groups. Experiments were approved by the local Ethic committee for animal
research (Darmstadt, Hessen, Germany), adhered to the European and Germany regulations and to
the guidelines of GV-SOLAS and were in agreement with ARRIVE.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/9/1992/s1.

Acknowledgments: We acknowledge the financial support of the Deutsche Forschungsgemeinschaft (CRC1080,
A03 and CRC1039, A03 to I.T.) and the research funding program “Landesoffensive zur Entwicklung
wissenschaftlich-ökonomischer Exzellenz” (LOEWE) of the State of Hessen, Research Center for Translational
Medicine and Pharmacology, TMP.

Conflicts of Interest: The author have no conflict of interest.

References

1. Hauser, S.L.; Bar-Or, A.; Comi, G.; Giovannoni, G.; Hartung, H.P.; Hemmer, B.; Lublin, F.; Montalban, X.;
Rammohan, K.W.; Selmaj, K.; et al. Ocrelizumab vs. Interferon β-1a in Relapsing Multiple Sclerosis. N. Engl.
J. Med. 2017, 376, 221–234. [CrossRef] [PubMed]

2. Montalban, X.; Hauser, S.L.; Kappos, L.; Arnold, D.L.; Bar-Or, A.; Comi, G.; de Seze, J.; Giovannoni, G.;
Hartung, H.P.; Hemmer, B.; et al. Ocrelizumab vs. Placebo in Primary Progressive Multiple Sclerosis.
N. Engl. J. Med. 2017, 376, 209–220. [CrossRef] [PubMed]

3. Rommer, P.S.; Dudesek, A.; Stuve, O.; Zettl, U.K. Monoclonal antibodies in treatment of multiple sclerosis.
Clin. Exp. Immunol. 2014, 175, 373–384. [CrossRef] [PubMed]

4. Dahlhaus, S.; Hoepner, R.; Chan, A.; Kleiter, I.; Adams, O.; Lukas, C.; Hellwig, K.; Gold, R. Disease course and
outcome of 15 monocentrically treated natalizumab-associated progressive multifocal leukoencephalopathy
patients. J. Neurol. Neurosurg. Psychiatry 2013, 84, 1068–1074. [CrossRef] [PubMed]

5. Willis, M.D.; Robertson, N.P. Alemtuzumab for multiple sclerosis. Curr. Neurol. Neurosci. Rep. 2016, 16, 84.
[CrossRef] [PubMed]

6. Cuker, A.; Coles, A.J.; Sullivan, H.; Fox, E.; Goldberg, M.; Oyuela, P.; Purvis, A.; Beardsley, D.S.;
Margolin, D.H. A distinctive form of immune thrombocytopenia in a phase 2 study of alemtuzumab
for the treatment of relapsing-remitting multiple sclerosis. Blood 2011, 118, 6299–6305. [CrossRef] [PubMed]

7. Howard, L.M.; Miga, A.J.; Vanderlugt, C.L.; dal Canto, M.C.; Laman, J.D.; Noelle, R.J.; Miller, S.D.
Mechanisms of immunotherapeutic intervention by anti-CD40L (CD154) antibody in an animal model
of multiple sclerosis. J. Clin. Investig. 1999, 103, 281–290. [CrossRef] [PubMed]

8. Becher, B.; Durell, B.G.; Miga, A.V.; Hickey, W.F.; Noelle, R.J. The clinical course of experimental autoimmune
encephalomyelitis and inflammation is controlled by the expression of CD40 within the central nervous
system. J. Exp. Med. 2001, 193, 967–974. [CrossRef] [PubMed]

9. Nagelkerken, L.; Haspels, I.; van Rijs, W.; Blauw, B.; Ferrant, J.L.; Hess, D.M.; Garber, E.A.; Taylor, F.R.;
Burkly, L.C. FcR interactions do not play a major role in inhibition of experimental autoimmune
encephalomyelitis by anti-CD154 monoclonal antibodies. J. Immunol. 2004, 173, 993–999. [CrossRef]
[PubMed]

www.mdpi.com/1422-0067/18/9/1992/s1
http://dx.doi.org/10.1056/NEJMoa1601277
http://www.ncbi.nlm.nih.gov/pubmed/28002679
http://dx.doi.org/10.1056/NEJMoa1606468
http://www.ncbi.nlm.nih.gov/pubmed/28002688
http://dx.doi.org/10.1111/cei.12197
http://www.ncbi.nlm.nih.gov/pubmed/24001305
http://dx.doi.org/10.1136/jnnp-2013-304897
http://www.ncbi.nlm.nih.gov/pubmed/23606731
http://dx.doi.org/10.1007/s11910-016-0685-y
http://www.ncbi.nlm.nih.gov/pubmed/27485945
http://dx.doi.org/10.1182/blood-2011-08-371138
http://www.ncbi.nlm.nih.gov/pubmed/21960587
http://dx.doi.org/10.1172/JCI5388
http://www.ncbi.nlm.nih.gov/pubmed/9916140
http://dx.doi.org/10.1084/jem.193.8.967
http://www.ncbi.nlm.nih.gov/pubmed/11304557
http://dx.doi.org/10.4049/jimmunol.173.2.993
http://www.ncbi.nlm.nih.gov/pubmed/15240687


Int. J. Mol. Sci. 2017, 18, 1992 15 of 18

10. Jagessar, S.A.; Heijmans, N.; Oh, L.; Bauer, J.; Blezer, E.L.; Laman, J.D.; Migone, T.S.; Devalaraja, M.N.; A’t
Hart, B. Antibodies against human BLyS and APRIL attenuate EAE development in marmoset monkeys.
J. Neuroimmune Pharmacol. 2012, 7, 557–570. [CrossRef] [PubMed]

11. Laman, J.D.; Maassen, C.B.; Schellekens, M.M.; Visser, L.; Kap, M.; de Jong, E.; van Puijenbroek, M.; van
Stipdonk, M.J.; van Meurs, M.; Schwarzler, C.; et al. Therapy with antibodies against CD40L (CD154) and
CD44-variant isoforms reduces experimental autoimmune encephalomyelitis induced by a proteolipid
protein peptide. Mult. Scler. 1998, 4, 147–153. [CrossRef] [PubMed]

12. Mondal, S.; Roy, A.; Pahan, K. Functional blocking monoclonal antibodies against IL-12p40 homodimer
inhibit adoptive transfer of experimental allergic encephalomyelitis. J. Immunol. 2009, 182, 5013–5023.
[CrossRef] [PubMed]

13. Hofstetter, H.H.; Ibrahim, S.M.; Koczan, D.; Kruse, N.; Weishaupt, A.; Toyka, K.V.; Gold, R. Therapeutic
efficacy of IL-17 neutralization in murine experimental autoimmune encephalomyelitis. Cell. Immunol. 2005,
237, 123–130. [CrossRef] [PubMed]

14. Lee, Y.; Mitsdoerffer, M.; Xiao, S.; Gu, G.; Sobel, R.A.; Kuchroo, V.K. IL-21R signaling is critical for induction of
spontaneous experimental autoimmune encephalomyelitis. J. Clin. Investig. 2015, 125, 4011–4020. [CrossRef]
[PubMed]

15. Lassmann, H.; Bradl, M. Multiple sclerosis: Experimental models and reality. Acta Neuropathol. 2016, 2,
223–244. [CrossRef] [PubMed]

16. Mix, E.; Meyer-Rienecker, H.; Zettl, U.K. Animal models of multiple sclerosis for the development and
validation of novel therapies—Potential and limitations. J. Neurol. 2008, 255, 7–14. [CrossRef] [PubMed]

17. Mix, E.; Meyer-Rienecker, H.; Hartung, H.P.; Zettl, U.K. Animal models of multiple sclerosis—Potentials and
limitations. Prog. Neurobiol. 2010, 92, 386–404. [CrossRef] [PubMed]

18. Steinman, L.; Zamvil, S.S. Virtues and pitfalls of EAE for the development of therapies for multiple sclerosis.
Trends Immunol. 2005, 26, 565–571. [CrossRef] [PubMed]

19. Monson, N.L.; Cravens, P.; Hussain, R.; Harp, C.T.; Cummings, M.; de Pilar Martin, M.; Ben, L.H.; Do, J.;
Lyons, J.A.; Lovette-Racke, A.; et al. Rituximab therapy reduces organ-specific T cell responses and
ameliorates experimental autoimmune encephalomyelitis. PLoS ONE 2011, 6, e17103. [CrossRef] [PubMed]

20. Robert, R.; Ang, C.; Sun, G.; Juglair, L.; Lim, E.X.; Mason, L.J.; Payne, N.L.; Bernard, C.C.; Mackay, C.R.
Essential role for CCR6 in certain inflammatory diseases demonstrated using specific antagonist and knockin
mice. JCI Insight 2017, 2, e94821. [CrossRef] [PubMed]

21. Moreno Torres, I.D.; Garcia-Merino, A. Anti-CD20 monoclonal antibodies in multiple sclerosis.
Expert Rev. Neurother. 2016, 17, 359–371. [CrossRef] [PubMed]

22. Pollinger, B.; Krishnamoorthy, G.; Berer, K.; Lassmann, H.; Bosl, M.R.; Dunn, R.; Domingues, H.S.; Holz, A.;
Kurschus, F.C.; Wekerle, H. Spontaneous relapsing-remitting EAE in the SJL/J mouse: MOG-reactive
transgenic T cells recruit endogenous MOG-specific B cells. J. Exp. Med. 2009, 206, 1303–1316. [CrossRef]
[PubMed]

23. Laman, J.D.; A’t Hart, B.; Brok, H.; Meurs, M.; Schellekens, M.M.; Kasran, A.; Boon, L.; Bauer, J.; Boer, M.;
Ceuppens, J. Protection of marmoset monkeys against EAE by treatment with a murine antibody blocking
CD40 (mu5D12). Eur. J. Immunol. 2002, 32, 2218–2228. [CrossRef]

24. Boon, L.; Brok, H.P.; Bauer, J.; Ortiz-Buijsse, A.; Schellekens, M.M.; Ramdien-Murli, S.; Blezer, E.;
van Meurs, M.; Ceuppens, J.; de Boer, M.; et al. Prevention of experimental autoimmune encephalomyelitis
in the common marmoset (Callithrix jacchus) using a chimeric antagonist monoclonal antibody against
human CD40 is associated with altered B cell responses. J. Immunol. 2001, 167, 2942–2949. [CrossRef]
[PubMed]

25. Brok, H.P.; van Meurs, M.; Blezer, E.; Schantz, A.; Peritt, D.; Treacy, G.; Laman, J.D.; Bauer, J.; A’t Hart, B.
Prevention of experimental autoimmune encephalomyelitis in common marmosets using an anti-IL-12p40
monoclonal antibody. J. Immunol. 2002, 169, 6554–6563. [CrossRef] [PubMed]

26. Mullin, A.P.; Cui, C.; Wang, Y.; Wang, J.; Troy, E.; Caggiano, A.O.; Parry, T.J.; Colburn, R.W.; Pavlopoulos, E.
rHIgM22 enhances remyelination in the brain of the cuprizone mouse model of demyelination. Neurobiol. Dis.
2017, 105, 142–155. [CrossRef] [PubMed]

27. Yednock, T.A.; Cannon, C.; Fritz, L.C.; Sanchez-Madrid, F.; Steinman, L.; Karin, N. Prevention of experimental
autoimmune encephalomyelitis by antibodies against α4β1 integrin. Nature 1992, 356, 63–66. [CrossRef]
[PubMed]

http://dx.doi.org/10.1007/s11481-012-9384-x
http://www.ncbi.nlm.nih.gov/pubmed/22870852
http://dx.doi.org/10.1177/135245859800400312
http://www.ncbi.nlm.nih.gov/pubmed/9762665
http://dx.doi.org/10.4049/jimmunol.0801734
http://www.ncbi.nlm.nih.gov/pubmed/19342681
http://dx.doi.org/10.1016/j.cellimm.2005.11.002
http://www.ncbi.nlm.nih.gov/pubmed/16386239
http://dx.doi.org/10.1172/JCI75933
http://www.ncbi.nlm.nih.gov/pubmed/26413871
http://dx.doi.org/10.1007/s00401-016-1631-4
http://www.ncbi.nlm.nih.gov/pubmed/27766432
http://dx.doi.org/10.1007/s00415-008-6003-0
http://www.ncbi.nlm.nih.gov/pubmed/19300954
http://dx.doi.org/10.1016/j.pneurobio.2010.06.005
http://www.ncbi.nlm.nih.gov/pubmed/20558237
http://dx.doi.org/10.1016/j.it.2005.08.014
http://www.ncbi.nlm.nih.gov/pubmed/16153891
http://dx.doi.org/10.1371/journal.pone.0017103
http://www.ncbi.nlm.nih.gov/pubmed/21359213
http://dx.doi.org/10.1172/jci.insight.94821
http://www.ncbi.nlm.nih.gov/pubmed/28768901
http://dx.doi.org/10.1080/14737175.2017.1245616
http://www.ncbi.nlm.nih.gov/pubmed/27718747
http://dx.doi.org/10.1084/jem.20090299
http://www.ncbi.nlm.nih.gov/pubmed/19487416
http://dx.doi.org/10.1002/1521-4141(200208)32:8&lt;2218::AID-IMMU2218&gt;3.0.CO;2-0
http://dx.doi.org/10.4049/jimmunol.167.5.2942
http://www.ncbi.nlm.nih.gov/pubmed/11509643
http://dx.doi.org/10.4049/jimmunol.169.11.6554
http://www.ncbi.nlm.nih.gov/pubmed/12444167
http://dx.doi.org/10.1016/j.nbd.2017.05.015
http://www.ncbi.nlm.nih.gov/pubmed/28576706
http://dx.doi.org/10.1038/356063a0
http://www.ncbi.nlm.nih.gov/pubmed/1538783


Int. J. Mol. Sci. 2017, 18, 1992 16 of 18

28. Kap, Y.S.; Jagessar, S.A.; van Driel, N.; Blezer, E.; Bauer, J.; van Meurs, M.; Smith, P.; Laman, J.D.; A’t Hart, B.
Effects of early IL-17A neutralization on disease induction in a primate model of experimental autoimmune
encephalomyelitis. J. Neuroimmune Pharmacol. 2011, 6, 341–353. [CrossRef] [PubMed]

29. Barr, T.A.; Shen, P.; Brown, S.; Lampropoulou, V.; Roch, T.; Lawrie, S.; Fan, B.; O’Connor, R.A.; Anderton, S.M.;
Bar-Or, A.; et al. B cell depletion therapy ameliorates autoimmune disease through ablation of IL-6-producing
B cells. J. Exp. Med. 2012, 209, 1001–1010. [CrossRef] [PubMed]

30. Okuno, T.; Nakatsuji, Y.; Moriya, M.; Takamatsu, H.; Nojima, S.; Takegahara, N.; Toyofuku, T.; Nakagawa, Y.;
Kang, S.; Friedel, R.H.; et al. Roles of Sema4D-plexin-B1 interactions in the central nervous system for
pathogenesis of experimental autoimmune encephalomyelitis. J. Immunol. 2010, 184, 1499–1506. [CrossRef]
[PubMed]

31. Ray, A.; Basu, S.; Williams, C.B.; Salzman, N.H.; Dittel, B.N. A novel IL-10-independent regulatory role for B
cells in suppressing autoimmunity by maintenance of regulatory T cells via GITR ligand. J. Immunol. 2012,
188, 3188–3198. [CrossRef] [PubMed]

32. Ochi, H.; Abraham, M.; Ishikawa, H.; Frenkel, D.; Yang, K.; Basso, A.S.; Wu, H.; Chen, M.L.; Gandhi, R.;
Miller, A.; et al. Oral CD3-specific antibody suppresses autoimmune encephalomyelitis by inducing CD4+

CD25- LAP+ T cells. Nat. Med. 2006, 12, 627–635. [CrossRef] [PubMed]
33. Matsushita, T.; Yanaba, K.; Bouaziz, J.D.; Fujimoto, M.; Tedder, T.F. Regulatory B cells inhibit EAE initiation

in mice while other B cells promote disease progression. J. Clin. Investig. 2008, 118, 3420–3430. [CrossRef]
[PubMed]

34. Theien, B.E.; Vanderlugt, C.L.; Nickerson-Nutter, C.; Cornebise, M.; Scott, D.M.; Perper, S.J.; Whalley, E.T.;
Miller, S.D. Differential effects of treatment with a small-molecule VLA-4 antagonist before and after onset
of relapsing EAE. Blood 2003, 102, 4464–4471. [CrossRef] [PubMed]

35. Nakajima, A.; Oshima, H.; Nohara, C.; Morimoto, S.; Yoshino, S.; Kobata, T.; Yagita, H.; Okumura, K.
Involvement of CD70–CD27 interactions in the induction of experimental autoimmune encephalomyelitis.
J. Neuroimmunol. 2000, 109, 188–196. [CrossRef]

36. MacPhee, I.A.; Turner, D.R.; Yagita, H.; Oliveira, D.B. CD80 (B7.1) and CD86 (B7.2) do not have distinct roles
in setting the Th1/Th2 balance in autoimmunity in rats. Scand. J. Immunol. 2001, 54, 486–494. [CrossRef]
[PubMed]

37. Matsumoto, Y.; Park, I.K.; Hiraki, K.; Ohtani, S.; Kohyama, K. Role of pathogenic T cells and autoantibodies
in relapse and progression of myelin oligodendrocyte glycoprotein-induced autoimmune encephalomyelitis
in LEW.1AV1 rats. Immunology 2009, 128, e250–e261. [CrossRef] [PubMed]

38. Sefia, E.; Pryce, G.; Meier, U.C.; Giovannoni, G.; Baker, D. Depletion of CD20 B cells fails to inhibit relapsing
mouse experimental autoimmune encephalomyelitis. Mult. Scler. Relat. Disorders 2017, 14, 46–50. [CrossRef]
[PubMed]

39. Kanwar, J.R. Anti-inflammatory immunotherapy for multiple sclerosis/experimental autoimmune
encephalomyelitis (EAE) disease. Curr. Med. Chem. 2005, 12, 2947–2962. [CrossRef] [PubMed]

40. Theien, B.E.; Vanderlugt, C.L.; Eagar, T.N.; Nickerson-Nutter, C.; Nazareno, R.; Kuchroo, V.K.; Miller, S.D.
Discordant effects of anti-VLA-4 treatment before and after onset of relapsing experimental autoimmune
encephalomyelitis. J. Clin. Investig. 2001, 107, 995–1006. [CrossRef] [PubMed]

41. Hausler, D.; Nessler, S.; Kruse, N.; Bruck, W.; Metz, I. Natalizumab analogon therapy is effective in a
B cell-dependent multiple sclerosis model. Neuropathol. Appl. Neurobiol. 2015, 41, 814–831. [CrossRef]
[PubMed]

42. Wright, E.; Rahgozar, K.; Hallworth, N.; Lanker, S.; Carrithers, M.D. Epithelial V-like antigen mediates
efficacy of anti-α4 integrin treatment in a mouse model of multiple sclerosis. PLoS ONE 2013, 8, e70954.
[CrossRef] [PubMed]

43. Stefanich, E.G.; Danilenko, D.M.; Wang, H.; OByrne, S.; Erickson, R.; Gelzleichter, T.; Hiraragi, H.; Chiu, H.;
Ivelja, S.; Jeet, S.; et al. A humanized monoclonal antibody targeting the β7 integrin selectively blocks
intestinal homing of T lymphocytes. Br. J. Pharmacol. 2011, 162, 1855–1870. [CrossRef] [PubMed]

44. Kanwar, J.R.; Harrison, J.E.; Wang, D.; Leung, E.; Mueller, W.; Wagner, N.; Krissansen, G.W. β7 integrins
contribute to demyelinating disease of the central nervous system. J. Neuroimmunol. 2000, 103, 146–152.
[CrossRef]

http://dx.doi.org/10.1007/s11481-010-9238-3
http://www.ncbi.nlm.nih.gov/pubmed/20700661
http://dx.doi.org/10.1084/jem.20111675
http://www.ncbi.nlm.nih.gov/pubmed/22547654
http://dx.doi.org/10.4049/jimmunol.0903302
http://www.ncbi.nlm.nih.gov/pubmed/20038643
http://dx.doi.org/10.4049/jimmunol.1103354
http://www.ncbi.nlm.nih.gov/pubmed/22368274
http://dx.doi.org/10.1038/nm1408
http://www.ncbi.nlm.nih.gov/pubmed/16715091
http://dx.doi.org/10.1172/JCI36030
http://www.ncbi.nlm.nih.gov/pubmed/18802481
http://dx.doi.org/10.1182/blood-2003-03-0974
http://www.ncbi.nlm.nih.gov/pubmed/12933585
http://dx.doi.org/10.1016/S0165-5728(00)00324-6
http://dx.doi.org/10.1046/j.1365-3083.2001.00998.x
http://www.ncbi.nlm.nih.gov/pubmed/11696200
http://dx.doi.org/10.1111/j.1365-2567.2008.02955.x
http://www.ncbi.nlm.nih.gov/pubmed/19175799
http://dx.doi.org/10.1016/j.msard.2017.03.013
http://www.ncbi.nlm.nih.gov/pubmed/28619431
http://dx.doi.org/10.2174/092986705774462833
http://www.ncbi.nlm.nih.gov/pubmed/16378498
http://dx.doi.org/10.1172/JCI11717
http://www.ncbi.nlm.nih.gov/pubmed/11306603
http://dx.doi.org/10.1111/nan.12220
http://www.ncbi.nlm.nih.gov/pubmed/25641089
http://dx.doi.org/10.1371/journal.pone.0070954
http://www.ncbi.nlm.nih.gov/pubmed/23951051
http://dx.doi.org/10.1111/j.1476-5381.2011.01205.x
http://www.ncbi.nlm.nih.gov/pubmed/21232034
http://dx.doi.org/10.1016/S0165-5728(99)00245-3


Int. J. Mol. Sci. 2017, 18, 1992 17 of 18

45. Schaub, M.; Issazadeh, S.; Stadlbauer, T.H.; Peach, R.; Sayegh, M.H.; Khoury, S.J. Costimulatory signal
blockade in murine relapsing experimental autoimmune encephalomyelitis. J. Neuroimmunol. 1999, 96,
158–166. [CrossRef]

46. Constantinescu, C.S.; Hilliard, B.; Wysocka, M.; Ventura, E.S.; Bhopale, M.K.; Trinchieri, G.; Rostami, A.M.
IL-12 reverses the suppressive effect of the CD40 ligand blockade on experimental autoimmune
encephalomyelitis (EAE). J. Neurol. Sci. 1999, 171, 60–64. [CrossRef]

47. Smith, E.S.; Jonason, A.; Reilly, C.; Veeraraghavan, J.; Fisher, T.; Doherty, M.; Klimatcheva, E.; Mallow, C.;
Cornelius, C.; Leonard, J.E.; et al. SEMA4D compromises blood-brain barrier, activates microglia, and
inhibits remyelination in neurodegenerative disease. Neurobiol. Dis. 2015, 73, 254–268. [CrossRef] [PubMed]

48. Tischner, D.; Weishaupt, A.; van den Brandt, J.; Muller, N.; Beyersdorf, N.; Ip, C.W.; Toyka, K.V.; Hunig, T.;
Gold, R.; Kerkau, T.; et al. Polyclonal expansion of regulatory T cells interferes with effector cell migration in
a model of multiple sclerosis. Brain 2006, 129, 2635–2647. [CrossRef] [PubMed]

49. Perrin, P.J.; June, C.H.; Maldonado, J.H.; Ratts, R.B.; Racke, M.K. Blockade of CD28 during in vitro activation
of encephalitogenic T cells or after disease onset ameliorates experimental autoimmune encephalomyelitis.
J. Immunol. 1999, 163, 1704–1710. [PubMed]

50. Beyersdorf, N.; Hanke, T.; Kerkau, T.; Hunig, T. CD28 superagonists put a break on autoimmunity by
preferentially activating CD4+ CD25+ regulatory T cells. Autoimmu. Rev. 2006, 5, 40–45. [CrossRef] [PubMed]

51. Turner, M.J.; Pang, P.T.; Chretien, N.; Havari, E.; LaMorte, M.J.; Oliver, J.; Pande, N.; Masterjohn, E.; Carter, K.;
Reczek, D.; et al. Reduction of inflammation and preservation of neurological function by anti-CD52 therapy
in murine experimental autoimmune encephalomyelitis. J. Neuroimmunol. 2015, 285, 4–12. [CrossRef]
[PubMed]

52. Von Kutzleben, S.; Pryce, G.; Giovannoni, G.; Baker, D. Depletion of CD52 positive cells inhibits the
development of CNS autoimmune disease, but deletes an immune-tolerance promoting CD8 T cell
population. Implications for secondary autoimmunity of alemtuzumab in multiple sclerosis. Immunology
2017, 150, 444–455. [CrossRef] [PubMed]

53. Pant, A.B.; Wang, Y.; Mielcarz, D.W.; Kasper, E.J.; Telesford, K.M.; Mishra, M.; Haque, A.; Channon, J.Y.;
Kasper, L.H.; Begum-Haque, S. Alteration of CD39+ Foxp3+ CD4 T cell and cytokine levels in EAE/MS
following anti-CD52 treatment. J. Neuroimmunol. 2017, 303, 22–30. [CrossRef] [PubMed]

54. Ichikawa, M.; Koh, C.S.; Inoue, A.; Tsuyusaki, J.; Yamazaki, M.; Inaba, Y.; Sekiguchi, Y.; Itoh, M.; Yagita, H.;
Komiyama, A. Anti-IL-12 antibody prevents the development and progression of multiple sclerosis-like
relapsing—Remitting demyelinating disease in NOD mice induced with myelin oligodendrocyte
glycoprotein peptide. J. Neuroimmunol. 2000, 102, 56–66. [CrossRef]

55. Knier, B.; Rothhammer, V.; Heink, S.; Puk, O.; Graw, J.; Hemmer, B.; Korn, T. Neutralizing IL-17 protects the
optic nerve from autoimmune pathology and prevents retinal nerve fiber layer atrophy during experimental
autoimmune encephalomyelitis. J. Autoimmun. 2015, 56, 34–44. [CrossRef] [PubMed]

56. Mangan, P.R.; Su, L.J.; Jenny, V.; Tatum, A.L.; Picarillo, C.; Skala, S.; Ditto, N.; Lin, Z.; Yang, X.; Cotter, P.Z.;
et al. Dual inhibition of interleukin-23 and interleukin-17 offers superior efficacy in mouse models of
autoimmunity. J. Pharmacol. Exp. Ther. 2015, 354, 152–165. [CrossRef] [PubMed]

57. Mardiguian, S.; Serres, S.; Ladds, E.; Campbell, S.J.; Wilainam, P.; McFadyen, C.; McAteer, M.;
Choudhury, R.P.; Smith, P.; Saunders, F.; et al. Anti-IL-17A treatment reduces clinical score and
VCAM-1 expression detected by in vivo magnetic resonance imaging in chronic relapsing EAE ABH mice.
Am. J. Pathol. 2013, 182, 2071–2081. [CrossRef] [PubMed]

58. Uyttenhove, C.; Sommereyns, C.; Theate, I.; Michiels, T.; Van Snick, J. Anti-IL-17A autovaccination prevents
clinical and histological manifestations of experimental autoimmune encephalomyelitis. Ann. N. Y. Acad. Sci.
2007, 1110, 330–336. [CrossRef] [PubMed]

59. Nohara, C.; Akiba, H.; Nakajima, A.; Inoue, A.; Koh, C.S.; Ohshima, H.; Yagita, H.; Mizuno, Y.; Okumura, K.
Amelioration of experimental autoimmune encephalomyelitis with anti-OX40 ligand monoclonal antibody:
A critical role for OX40 ligand in migration, but not development, of pathogenic T cells. J. Immunol. 2001,
166, 2108–2115. [CrossRef] [PubMed]

60. Gordon, E.J.; Myers, K.J.; Dougherty, J.P.; Rosen, H.; Ron, Y. Both anti-CD11a (LFA-1) and anti-CD11b
(MAC-1) therapy delay the onset and diminish the severity of experimental autoimmune encephalomyelitis.
J. Neuroimmunol. 1995, 62, 153–160. [CrossRef]

http://dx.doi.org/10.1016/S0165-5728(99)00022-3
http://dx.doi.org/10.1016/S0022-510X(99)00249-X
http://dx.doi.org/10.1016/j.nbd.2014.10.008
http://www.ncbi.nlm.nih.gov/pubmed/25461192
http://dx.doi.org/10.1093/brain/awl213
http://www.ncbi.nlm.nih.gov/pubmed/16921176
http://www.ncbi.nlm.nih.gov/pubmed/10415078
http://dx.doi.org/10.1016/j.autrev.2005.06.001
http://www.ncbi.nlm.nih.gov/pubmed/16338210
http://dx.doi.org/10.1016/j.jneuroim.2015.05.018
http://www.ncbi.nlm.nih.gov/pubmed/26198912
http://dx.doi.org/10.1111/imm.12696
http://www.ncbi.nlm.nih.gov/pubmed/27925187
http://dx.doi.org/10.1016/j.jneuroim.2016.12.010
http://www.ncbi.nlm.nih.gov/pubmed/28087077
http://dx.doi.org/10.1016/S0165-5728(99)00153-8
http://dx.doi.org/10.1016/j.jaut.2014.09.003
http://www.ncbi.nlm.nih.gov/pubmed/25282335
http://dx.doi.org/10.1124/jpet.115.224246
http://www.ncbi.nlm.nih.gov/pubmed/26015463
http://dx.doi.org/10.1016/j.ajpath.2013.02.029
http://www.ncbi.nlm.nih.gov/pubmed/23602647
http://dx.doi.org/10.1196/annals.1423.035
http://www.ncbi.nlm.nih.gov/pubmed/17911448
http://dx.doi.org/10.4049/jimmunol.166.3.2108
http://www.ncbi.nlm.nih.gov/pubmed/11160262
http://dx.doi.org/10.1016/0165-5728(95)00120-2


Int. J. Mol. Sci. 2017, 18, 1992 18 of 18

61. Sun, J.J.; Ren, Q.G.; Xu, L.; Zhang, Z.J. LINGO-1 antibody ameliorates myelin impairment and spatial
memory deficits in experimental autoimmune encephalomyelitis mice. Sci. Rep. 2015, 5, 14235. [CrossRef]
[PubMed]

62. McNeill, A.; Spittle, E.; Backstrom, B.T. Partial depletion of CD69low-expressing natural regulatory T cells
with the anti-CD25 monoclonal antibody PC61. Scand. J. Immunol. 2007, 65, 63–69. [CrossRef] [PubMed]

63. Xu, W.; Fazekas, G.; Hara, H.; Tabira, T. Mechanism of natural killer (NK) cell regulatory role in experimental
autoimmune encephalomyelitis. J. Neuroimmunol. 2005, 163, 24–30. [CrossRef] [PubMed]

64. Leavenworth, J.W.; Schellack, C.; Kim, H.J.; Lu, L.; Spee, P.; Cantor, H. Analysis of the cellular mechanism
underlying inhibition of EAE after treatment with anti-NKG2A F(ab’)2. Proc. Natl. Acad. Sci. USA 2010, 107,
2562–2567. [CrossRef] [PubMed]

65. Kuchroo, V.K.; Das, M.P.; Brown, J.A.; Ranger, A.M.; Zamvil, S.S.; Sobel, R.A.; Weiner, H.L.; Nabavi, N.;
Glimcher, L.H. B7-1 and B7-2 costimulatory molecules activate differentially the Th1/Th2 developmental
pathways: Application to autoimmune disease therapy. Cell 1995, 80, 707–718. [CrossRef]

66. Karandikar, N.J.; Eagar, T.N.; Vanderlugt, C.L.; Bluestone, J.A.; Miller, S.D. CTLA-4 downregulates
epitope spreading and mediates remission in relapsing experimental autoimmune encephalomyelitis.
J. Neuroimmunol. 2000, 109, 173–180. [CrossRef]

67. Heremans, H.; Dillen, C.; Groenen, M.; Martens, E.; Billiau, A. Chronic relapsing experimental autoimmune
encephalomyelitis (CREAE) in mice: enhancement by monoclonal antibodies against interferon- γ.
Eur. Ournal Immunol. 1996, 26, 2393–2398. [CrossRef] [PubMed]

68. Voorthuis, J.A.; Uitdehaag, B.M.; de Groot, C.J.; Goede, P.H.; van der Meide, P.H.; Dijkstra, C.D. Suppression
of experimental allergic encephalomyelitis by intraventricular administration of interferon-γ in Lewis rats.
Clin. Exp.Immunol. 1990, 81, 183–188. [CrossRef] [PubMed]

69. Xiao, S.; Najafian, N.; Reddy, J.; Albin, M.; Zhu, C.; Jensen, E.; Imitola, J.; Korn, T.; Anderson, A.C.; Zhang, Z.;
et al. Differential engagement of Tim-1 during activation can positively or negatively costimulate T cell
expansion and effector function. J. Exp. Med. 2007, 204, 1691–1702. [CrossRef] [PubMed]

70. Piccio, L.; Buonsanti, C.; Mariani, M.; Cella, M.; Gilfillan, S.; Cross, A.H.; Colonna, M.; Panina-Bordignon, P.
Blockade of TREM-2 exacerbates experimental autoimmune encephalomyelitis. Eur. J. Immunol. 2007, 37,
1290–1301. [CrossRef] [PubMed]

71. Piccio, L.; Buonsanti, C.; Cella, M.; Tassi, I.; Schmidt, R.E.; Fenoglio, C.; Rinker, J., 2nd; Naismith, R.T.;
Panina-Bordignon, P.; Passini, N.; et al. Identification of soluble TREM-2 in the cerebrospinal fluid and its
association with multiple sclerosis and CNS inflammation. Brain 2008, 131, 3081–3091. [CrossRef] [PubMed]

72. Sun, Y.; Lin, X.; Chen, H.M.; Wu, Q.; Subudhi, S.K.; Chen, L.; Fu, Y.X. Administration of agonistic anti-4–1BB
monoclonal antibody leads to the amelioration of experimental autoimmune encephalomyelitis. J. Immunol.
2002, 168, 1457–1465. [CrossRef] [PubMed]

73. Sporici, R.; Issekutz, T.B. CXCR3 blockade inhibits T-cell migration into the CNS during EAE and prevents
development of adoptively transferred, but not actively induced, disease. Eur. J. Immunol. 2010, 40,
2751–2761. [CrossRef] [PubMed]

74. Schmitz, K.; Barthelmes, J.; Stolz, L.; Beyer, S.; Diehl, O.; Tegeder, I. “Disease modifying nutricals” for
multiple sclerosis. Pharmacol. Ther. 2015, 148, 85–113. [CrossRef] [PubMed]

75. Brod, S.A.; Bauer, V.L. Ingested (oral) tocilizumab inhibits EAE. Cytokine 2014, 68, 86–93. [CrossRef] [PubMed]
76. Chen, D.; Ireland, S.J.; Davis, L.S.; Kong, X.; Stowe, A.M.; Wang, Y.; White, W.I.; Herbst, R.; Monson, N.L.

Autoreactive CD19+CD20- plasma cells contribute to disease severity of experimental autoimmune
encephalomyelitis. J. Immunol. 2016, 196, 1541–1549. [CrossRef] [PubMed]

77. Matsushita, T.; Horikawa, M.; Iwata, Y.; Tedder, T.F. Regulatory B cells (B10 cells) and regulatory T cells
have independent roles in controlling experimental autoimmune encephalomyelitis initiation and late-phase
immunopathogenesis. J. Immunol. 2010, 185, 2240–2252. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/srep14235
http://www.ncbi.nlm.nih.gov/pubmed/26383267
http://dx.doi.org/10.1111/j.1365-3083.2006.01870.x
http://www.ncbi.nlm.nih.gov/pubmed/17212768
http://dx.doi.org/10.1016/j.jneuroim.2005.02.011
http://www.ncbi.nlm.nih.gov/pubmed/15885305
http://dx.doi.org/10.1073/pnas.0914732107
http://www.ncbi.nlm.nih.gov/pubmed/20133787
http://dx.doi.org/10.1016/0092-8674(95)90349-6
http://dx.doi.org/10.1016/S0165-5728(00)00322-2
http://dx.doi.org/10.1002/eji.1830261019
http://www.ncbi.nlm.nih.gov/pubmed/8898951
http://dx.doi.org/10.1111/j.1365-2249.1990.tb03315.x
http://www.ncbi.nlm.nih.gov/pubmed/2117508
http://dx.doi.org/10.1084/jem.20062498
http://www.ncbi.nlm.nih.gov/pubmed/17606630
http://dx.doi.org/10.1002/eji.200636837
http://www.ncbi.nlm.nih.gov/pubmed/17407101
http://dx.doi.org/10.1093/brain/awn217
http://www.ncbi.nlm.nih.gov/pubmed/18790823
http://dx.doi.org/10.4049/jimmunol.168.3.1457
http://www.ncbi.nlm.nih.gov/pubmed/11801689
http://dx.doi.org/10.1002/eji.200939975
http://www.ncbi.nlm.nih.gov/pubmed/21038468
http://dx.doi.org/10.1016/j.pharmthera.2014.11.015
http://www.ncbi.nlm.nih.gov/pubmed/25435020
http://dx.doi.org/10.1016/j.cyto.2014.04.003
http://www.ncbi.nlm.nih.gov/pubmed/24845797
http://dx.doi.org/10.4049/jimmunol.1501376
http://www.ncbi.nlm.nih.gov/pubmed/26764035
http://dx.doi.org/10.4049/jimmunol.1001307
http://www.ncbi.nlm.nih.gov/pubmed/20624940
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Paper Evaluation 
	Treatments Schedules and Doses 
	Natalizumab Effects Depending on Treatment Schedules 
	Targets: Favorable Candidates 
	Targets: Unfavorable Candidates 
	Experimental Autoimmune Encephalomyelitis (EAE) Models and Strains or Species Effects 

	Discussion 
	Methods 
	Literature Search, Dosing Estimates and Association Analysis 
	Induction of EAE and Clinical Assessment of the Schedule Dependent Effects of Anti-Itga4 


