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Introduction: Rituximab (RTX) and recombinant human myelin basic protein (thMBP) were proven to be effective in ameliorating
the symptoms of multiple sclerosis (MS). In this study, a nanoformulation containing rhMBP with RTX on its surface (Nano-rhMBP-
RTX) was prepared and investigated in comparison with other treatment groups to determine its potential neuro-protective effects on
C57BL/6 mice after inducing experimental autoimmune encephalomyelitis (EAE).

Methods: EAE was induced in the corresponding mice by injecting 100 puL of an emulsion containing complete Freund’s
adjuvant (CFA) and myelin oligodendrocyte glycoprotein (MOG). The subjects were weighed, scored and subjected to
behavioural tests. After reaching a clinical score of 3, various treatments were given to corresponding EAE-induced and
non-induced groups including thMBP, RTX, empty nanoparticle prepared by poly (lactide-co-glycolide) (PLGA) or the
prepared nanoformulation (Nano-rhMBP-RTX). At the end of the study, biochemical parameters were also determined as
interferon-y (IFN-y), myeloperoxidase (MPO), interleukin-10 (IL-10), interleukin-4 (IL-4), tumor necrosis factor alpha (TNF-
a), nuclear factor kappa B (NF-kB), brain derived neurotrophic factor (BDNF), 2°, 3’ cyclic nucleotide 3’ phosphodiesterase
(CNP) and transforming growth factor beta (TGF-B) along with some histopathological analyses.

Results: The results of the Nano-rhMBP-RTX group showed promising outcomes in terms of reducing the clinical scores, improving
the behavioural responses associated with improved histopathological findings. Elevation in the levels of IL-4, CNP and TGF-$ was
also noticed along with marked decline in the levels of NF-kB and TNF-q.

Conclusion: Nano-rhMBP-RTX treated group ameliorated the adverse effects induced in the EAE model. The effectiveness of
this formulation was demonstrated by the normalization of EAE-induced behavioral changes and aberrant levels of specific
biochemical markers as well as reduced damage of hippocampal tissues and retaining higher levels of myelination.
Keywords: multiple sclerosis, experimental autoimmune encephalomyelitis, nanoparticle, rituximab, recombinant human myelin
basic protein

Introduction

Multiple sclerosis (MS) is an autoimmune neurodegenerative disease of the central nervous system (CNS) characterized by
multifocal demyelination, inflammation and axonal destruction.! According to a systematic analysis completed in 2016, it was
estimated that over 2 million people worldwide are affected by this disease with around 30,000 patients in Egypt.” Although it
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is not confined to a certain age or gender, it is 3 times more common in women than in men and has its highest prevalence in the
20 to 50 year age group with variation in some cases.’

MS is known to be a progressive neurodegenerative disease causing damage in the myelin sheath through the release
of various inflammatory mediators. T-cells are considered to be crucial for disease initiation and progression and have
always been thought to be the main cells responsible for the pathogenesis of MS along with its released cytokines. In
patients with MS, T-cells manage to leak through the blood brain barrier into the CNS. Then it can attract other cells that
ultimately leads to an attack on the myelin sheath, affecting the functions of the neurons. T-cells are not the only factor
that have a role in MS; studies have also proven that B-cells and their products are involved as well.*~

There is still no cure for MS but there are some drugs with approval from the US Food and Drug
Administration (FDA) that can be used in managing the disease.® Interferon-p (IFN-P) was the first treatment
choice for MS, and it was found to be effective in hindering the autoimmune inflammatory cascade.” Glatiramer
acetate was another drug which was early introduced and used in managing MS. It is a mixture of many synthetic
peptides that causes wide range of immunomodulation along with a neuroprotective effect that helps controlling
disease progression.® In 2006, natalizumab was licensed for use in MS by acting as an a4 integrin antagonist
blocking the leakage of lymphocytes through the blood brain barrier and into the CNS.° However, prolonged use
of natalizumab was associated with developing progressive multifocal leukoencephalopathy which is a life-
threatening brain infection.'® Later in 2011, Fingolimod which is a sphingosine-1-phosphate receptor inhibitor
was approved for treatment of MS due to its ability to reduce the infiltration of lymphocytes into the CNS thus the
myelin sheath is retained.'"’ When comparing Fingolimod with IFN-B and glatiramer acetate, it was proven to be
better in controlling the disease and reducing the rates of relapses.'” On the other hand, its use was associated
with higher risks of cancer development in MS patients when compared to natalizumab.'?

Among the treatments suggested for managing MS and proven high efficacy is rituximab (RTX). Although it is
used for managing other diseases such as rheumatoid arthritis and Non-Hodgkin’s Lymphoma, it is still not
officially approved by the FDA for treating MS. RTX is an example of a chimeric monoclonal antibody which
targets CD20 present on the surface of B-cells.'* Several studies supported the off-label use of RTX in patients
with MS and had demonstrated its effectiveness in patients suffering from this disease.'>'® Due to its previous use
in other conditions, it is considered to have a known safety and tolerance profile when compared to other drugs.
Studies comparing RTX with fingolimod and with other disease-modifying treatments in patients with MS
indicated the superiority of RTX in terms of its safety, and higher rates of drug survival.'”'® When comparing
RTX with ocrelizumab; a humanized monoclonal anti-CD20 antibody which was recently approved by the FDA
for treating MS patients, or with ofatumumab; another humanized monoclonal anti-CD20 antibody, studies showed
that RTX is still more widely used due to its lower overall cost.'® Also, an increasing body of evidence from
different studies suggests that RTX has low drug discontinuation rate due to its high safety profile resulting in
increased patients’ compliance.?’

Besides the use of monoclonal antibodies, another approach has been studied which involves the use of the
auto-antigens which contributes to the development of MS through an auto-reactive immune response against
them. The administration of these auto-antigens triggers a tolerance mechanism which reduces the severity of the
disease. One of the auto-antigens involved in the pathogenesis of MS is myelin basic protein (MBP), studies
showed that administration of antigenic fragments of recombinant human myelin basic protein (thMBP); reduces
the severity of the disease.”'**?

The main goal of this study is to contribute to the growing area of research by assessing the effect of
combining thMBP and RTX which have already proven to be effective each alone in managing MS. In our
previous study, the effectiveness of nanoformulated rhMBP demonstrated superiority over free thMBP when used
as vaccine for preventing MS showing a relatively higher protection against MS induced symptoms.”' In this
study, PLGA (poly (lactic-co-glycolic acid)) nanoparticles (NP) loaded with thMBP were prepared but this time
the main focus was testing its effect as a therapeutic intervention. PLGA is one of the most intensively
investigated biodegradable polymers which have proven to have minimal toxicity, increased drug loading capacity
along with increased stability.”>** The development of nanoformulated drug delivery systems provides selective
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targeting, gradual release of the loaded protein as well as providing a method for delivering biomolecules where
they can be adsorbed or covalently attached to the surface or encapsulated within the particles.”> >’ As a new
approach, RTX was then adsorbed on the surface of the protein loaded nanoparticles to test the effect of
combining both drugs in one formulation on ameliorating the symptoms of MS.

Throughout the study, animals were holistically assessed after disease induction by experimental autoimmune
encephalomyelitis (EAE) model and following treatments’ initiation to determine any behavioural changes further
supported by biochemical and histopathological analyses. This research aims to produce a potential treatment
option that will improve the quality of life of the patients suffering from MS.

Materials and Methods

Animals

Male C57BL/6 mice, weighing 20-25 g, were obtained from the animal facility of Theodor Bilharz Research
Institute, Egypt. Animals were placed in the animal house of the Faculty of Pharmacy, Cairo University. Before
experimentation, animals were allowed to acclimatize for 1 week. All animals were housed under controlled
environmental conditions; constant temperature (25°C+2°C), humidity (60%+10%) and a 12/12-hour light/dark
cycles. Standard chow diet and water were allowed ad libitum. The protocols used in this study complied with
The Guide for Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 2011) and were approved by the Ethics Committee for Animal Experimentation at
Faculty of Pharmacy, Cairo University (Permit Number: PT 2383).

Drugs and Chemicals

In this study, many chemicals were used for EAE induction including MOG (35-55) peptide, pertussis toxin, Incomplete Freund’s
Adjuvant (IFA), Mycobacterium tuberculosis H37Ra, inactivated and desiccated and phosphate buffer saline (PBS) all of which
were purchased from Sigma-Aldrich.

Rituximab (RTX) was one of the treatments used and was provided by the National Organization for Research and Control
of Biologicals (Egypt) as a sterile, colourless clear liquid with a purity of 99.80%. Recombinant human myelin basic protein
(rhMBP) was also used and was prepared by a vacuum-driven downstream purification protocol in order to purify the thMBP
from transgenic milk.”® The identity, purity and integrity of the thMBP in the final preparation were confirmed using sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), size exclusion high performance liquid chromatography
(SE-HPLC), reversed-phase high performance liquid chromatography (RP-HPLC) and ion flux immunosensor.*’

PLGA (poly(lactic-co-glycolic acid)) and PVA (Polyvinyl alcohol) used for preparing the nanoparticles were obtained
from Sigma. The formulation of the protein loaded nanoparticles composed of 1.30% protein, 1% PLGA and 3.64%
PVA. The protein loaded nanoparticles were prepared by single emulsification — solvent evaporation technique. PLGA
polymer was dissolved in 2 mL dichloromethane while the protein and PVA were dissolved in 10 mL of distilled water.
The organic solution was then emulsified in the aqueous solution using WiseMixTM HG15D Homogenizer (Daihan
Scientific Co., Ltd, Korea) at 12,000 rpm for 2 minutes using ice bath. The organic solvent was evaporated by continuous
stirring for 2 hours until a colloidal suspension was obtained. D-optimal response surface experimental design was
applied to investigate the effect-response relationship. Design Expert software (version 10.0.3, Stat-Ease, USA) was used
for the optimization of the nanoparticle formulation. Optimization criteria were set at the highest entrapment efficiency,
the lowest negative zeta potential and the lowest particle size. Both numerical and graphical optimization were chosen to
maximize the entrapment efficiency and minimize both zeta potential and particle size. The resulting overall desirability
is shown in Figure 1. Graphical optimization is shown in Figure 2. The solution with the higher desirability (0.766) was
chosen as the optimum formulation (Table 1).

In order to add RTX, PLGA protein loaded nanoparticles were activated using EDC/NHS (1-(3-Dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride/N-hydroxysuccinimide) chemistry. This was achieved by adding 100uL of 0.05M EDC and
100uL of 0.35M N-Hydroxysulfosuccinimide sodium salt (Sulfo-NHS), both dissolved in PBS (pH 7.4) to 100uL of nanoparticle
suspension. RTX (10uL) was added and the volume was completed to ImL with PBS. The mixture was vortexed and incubated at
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Figure | Desirability curve for optimization (at optimum protein concentration 1.3%).
Abbreviations: PVA, Polyvinyl alcohol; PLGA, poly (lactic-co-glycolic acid).
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Figure 2 Graphical optimization of nanoparticles formulations showing design space in yellow color (at optimum protein concentration 1.3%).
Abbreviations: PVA, polyvinyl alcohol; PLGA, poly (lactic-co-glycolic acid).

4°C overnight. Excess reagents and soluble byproducts were separated by centrifugation at 14.000 rpm for 5 min, and the
sediment was washed three times with 1mL PBS. Finally, the antibody-loaded nanoparticles were dispersed in 100uL of PBS.
Control NP were prepared as described above but without RTX. Protein content was determined by Bradford assay. Briefly,
900uL of Coomassie Plus reagent was added to 30uL of dispersion of RTX-loaded PLGA nanoparticles. After 10-min incubation,
the absorbance was measured at 595 nm. The amount of the antibody conjugated in PLGA nanoparticles was calculated from

a standard curve of bovine serum albumin solution in the concentration range from 125ug/mL to 1000pug/mL.
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Table | Characterization of Nanoparticles Formulations

Run PLGA PVA Protein Entrapment | Z-Average Zeta
Concentration | Concentration | Concentration Efficiency (nm) Potential
(%) (%) (%) (%) (mv)
| 4 | 1.25 30.1 3127 -33
2 25 25 2 36.52 269.9 —24.7
3 4 25 0.5 45.16 301.1 -21.5
4 | | 0.5 6.25 426.6 —8.65
5 | | 31.3125 441.1 —12.5
6 | | 29.5625 3926 —8.28
7 | 4 2 36.09 291.9 —20.4
8 4 4 0.5 28.7 405.2 -10
9 4 | 0.5 25.2 384.7 -17.8
10 25 | 0.5 425 435.3 —5.53
I | 2.5 0.5 18.62 326 —11.4
12 | 25 1.25 63.984 267.7 -17.8
13 4 | 1.25 3332 335.1 —28
14 | 4 0.5 26.76 224 —27.7
15 25 4 1.25 31.504 246.6 —-19.8
16 25 4 0.5 35.96 2443 —-19.3
17 4 4 2 25.59 3054 —23.1
18 | 4 2 30.19 246.5 -23.1
19 25 25 2 37.29 289.2 -29.3
20 4 4 2 27.8 261.8 —28.1

Abbreviations: PVA, Polyvinyl alcohol; PLGA, poly (lactic-co-glycolic acid).

Experimental Autoimmune Encephalomyelitis (EAE) Induction

EAE was induced according to the experimental design. The backs of the mice were shaved 24 hours before the active
immunization is initiated using small animal clippers. Complete Freund’s Adjuvant (CFA) was prepared by combining 50 mL
IFA and 200 mg M. tuberculosis H37Ra, resulting in a final concentration 4 mg/mL. Myelin oligodendrocyte glycoprotein
(MOG) 35-55 was diluted in bidistilled water to a final volume of 4 mg/mL. An emulsion of CFA and MOG (35-55) was
prepared by mixing 1 mL of CFA with 1 mL of MOG then 100 pL of the emulsion was injected subcutaneously into the shaved
backs of the mice, distributing evenly over three injection sites. One injection placed on the midline of the back just below the
shoulders, and two on either side of the midline on the lower back. Pertussis toxin was diluted to 1 pg/mL in sterile PBS then 400
pL of the diluted pertussis toxin (400 ng per mouse) was injected into the peritoneal cavity on the day of disease induction, and

again 48 h after induction.’*!

Experimental Design

As illustrated in Figure 3, 80 mice were allocated randomly in ten treatment groups (n = 8) by a technician who was not involved
in the analysis. Sample size was based on a power analysis (power = 0.8, a = 0.05) using effect sizes previously determined by
Rodrigues et al.**> Group (1): normal control group: mice in this group were given PBS. Group (2): EAE control group: mice in
this group were given 100 uL of an emulsion of CFA and MOG (35-55) once subcutaneously (distributed evenly on 3 sites as
mentioned in the induction part) followed by 400 uL pertussis toxin injection twice, on day 0 and day 2. Group (3): mice in this
group were given thMBP (50 pg/mouse, s.c, single injection). Group (4): mice in this group were given thMBP (50 pg/mouse, s.
¢, single injection) once after induction of EAE and reaching a clinical score of 3. Group (5): mice in this group were given
rituximab (50 pg/mouse, s.c, single injection). Group (6): mice in this group were given rituximab (50 pg/mouse, s.c, single
injection) once after induction of EAE and reaching a clinical score of 3. Group (7): mice in this group were given empty
nanoparticle prepared by poly (lactide-co-glycolide) (PLGA) (50 pg/mouse, s.c, single injection). Group (8): mice in this group
were given empty nanoparticle (50 pg/mouse, s.c, single injection) once after induction of EAE and reaching a clinical score of 3.
Group (9): mice in this group were given nano thMBP with rituximab on its surface (50 pg/mouse, s.c, single injection). Group
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Figure 3 Schematic diagram of the experimental design.

(10): mice in this group were given nano thMBP with rituximab on its surface (50 pg/mouse, s.c, single injection) once after
induction of EAE and reaching a clinical score of 3. All treatments were given after the majority of the animals reached a clinical
score of 3.

Throughout the duration of the study, animals were weighed and scored daily to check for the development of
clinical symptoms.** In addition to the scoring technique, behavioral tests were performed on days 0, 3, 7, 10, 14,
21 and 28 post induction, such as rotarod, grip strength and open field to detect any changes in motor
coordination, forelimb strength and locomotor activity, respectively. At the end of the study, animals were
sacrificed by decapitation under light anesthesia, the brain of 2 mice from each group were carefully removed
and used for histopathological analysis. The rest of the brains were dissected and homogenized in 10% PBS for
biochemical analysis. During data analysis, the experimenters were blinded to sample identity, and sample coding
and decoding were performed by an independent experimenter.

Clinical Scoring

Animals were daily scored according to the following scoring system; 0: mouse shows no symptoms of disease
(asymptomatic), 1: mouse has a limp tail (complete flaccidity, absence of curling at the tip) or hind limb weakness, 2:
mouse has both a limp tail and shows hind limb weakness, 3: mouse has partial paralysis of the hind limbs (can no longer
maintain posture of the rump, but can still move one or both limbs to an extent), 4: mouse shows complete hind limb
paralysis (complete loss of movement of the hind limbs, all movement is the result of the mouse dragging on the
forelimbs) and 5: mouse reached score 4 and lost more than 20% of its body weight was euthanized and given a score of
5 or mouse found dead due to paralysis (moribund).”>® After reaching a clinical score of 3, different treatments were

injected to the corresponding groups.***

Behavioral Tests

Open-Field Test

The open field apparatus (wooden box measuring 50 cm x 50 cm x 38 cm) was constructed and painted white so that the mice
could be detected. The main aim of this test is to confirm that the induction is done correctly, observe the gait of the mice
throughout the study period and to check for any changes in the movement of the animal after the treatments are given. On days 0,
3,7, 10, 14, 21 and 28 post induction, open-field test was performed. Each mouse was placed in the center of the open field and
was observed individually for 5 minutes during which a camera recorded all the movements. At the end of the test time, fecal
pellets were removed and the box was cleaned using 95% ethanol before adding the next mouse.>*” A video tracking application
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(Tox Trac Organism Video Tracking Application, version 2.80) was used at the end of the study to analyze all recorded videos in
terms of the vertical movement, total distance (mm), mobility rate (%), mobility average speed (mm/s) and exploration rate (%).

Rotarod

This test is performed using a rotarod (5 cm in diameter) with a constant speed of 18 rotations per minute (rpm). It is used to
assess the motor coordination of the animals and their ability to maintain their balance before and after EAE induction as well as
post treatments. Each animal is placed on the rotating drum and the latency to fall (in seconds) is calculated with cut-off time of 5
minutes. Animals were trained on the device 3 days prior to testing and this test was also performed on days 0, 3, 7, 10, 14, 21 and

28 post induction.**>’

Grip Strength

On the same days, grip strength test was performed to evaluate the strength of the forelimbs of the mice and how their
performance was affected throughout the study. This test was done by holding each mouse from the tail and allowing its
forepaws to grab a metal wire. The mouse was then released and allowed to hold the wire freely. The latency to fall (in
seconds) is calculated three times and an average was calculated for each mouse.*’

Biochemical Analysis

At the end of the study, animals were sacrificed by decapitation under light anesthesia, brains were dissected and homogenized in
10% PBS then the values of several biochemical parameters including interferon-y (IFN-y), myeloperoxidase (MPO), inter-
leukin-10 (IL-10), interleukin-4 (IL-4), tumor necrosis factor alpha (TNF-a), nuclear factor kappa B (NF-kB), brain derived
neurotrophic factor (BDNF) and transforming growth factor beta (TGF-8) were estimated using suitable mouse Enzyme-Linked
Immunosorbent Assay (ELISA) kits (Sinogeneclon Co., Ltd, Hangzhou, China). The procedures were performed according to
the manufacturer’s manual. Additionally, Nuclear Factor Kappa B p65 subunit (NF-kB p65 subunit) levels were analyzed
colorimetrically.

Western Blot

Western blot method was used to detect the levels of 2°, 3’ cyclic nucleotide 3 phosphodiesterase (CNP). After protein extraction
using RIBA buffer, samples were loaded on the sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and
were separated according to their molecular weights (BioRad mini protein electrophoresis separation unit and BioRad electro-
phoresis power supply). Following electrophoresis, proteins were transferred from the gel to Polyvinylidene difluoride (PVDF)
membrane using BioRad Trans-Blot Turbo instrument. The membrane was blocked using 3% bovine serum albumin (BSA) in
tris-buffered saline with 0.1% Tween 20 at room temperature for 1 hour. Afterwards, the membrane was incubated with a 1:2000
dilution of antibodies against CNP (Thermo Fisher, USA) at 4°C overnight. Next, membranes were probed with horseradish
peroxidase-conjugated immunoglobulins solution (HRP-Img Goat mab -Novus Biologicals) for 1 hour at room temperature. The
chemiluminescent substrate (ClarityTM Western ECL substrate - BIO-RAD, USA cat#170-5060) was applied to the blot and
signals were captured using a CCD camera-based imager. Image analysis software was used to read the band intensity of the
target proteins against control sample after normalization by beta actin on the Chemi Doc MP imager.

Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction (RT-RT-PCR)
Oligodendrocyte Transcription Factor-1 (Olig-1) was determined using RT-RT-PCR. Total RNA was isolated using Qiagen
tissue extraction kit (Qiagen, USA) according to instructions of manufacture. RNA was used for cDNA conversion using high
capacity cDNA reverse transcription kit (Fermentas, USA). Real-time qPCR amplification and analysis were performed using
an Applied Biosystem with software version 3.1 (StepOne™, USA). The primer sequence is shown Table 2.

All values were normalized to B-actin levels.

Histopathological Analysis

The brain of 2 mice from each group were carefully removed, flushed and fixed in 10% neutral buffered formalin for 72 hrs.
Samples were trimmed and processed in serial grades of ethanol, cleared in xylene, synthetic wax infiltration and embedding into
paraplast tissue embedding media. Sun thick sagittal brain sections were cut by rotatory microtome. Tissue sections were stained
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Table 2 The Primer Sequence of Olig-1 and Beta Actin

Olig-1 Forward 5'-CTAAAATAGGTAACCAGGCGTCTCA-3'
Reverse 5'-CCCGGTACTCCTGCGTGTT-3'
Beta actin Forward 5'-ATCACCATCTTCCAGGAGCG -3’

Reverse 5'-CCTGCTTCACCACCTTCTTG-3'

Abbreviation: Olig-1, Oligodendrocyte transcription factor-1.

with Harris Hematoxylin and Eosin (H&E) as a general tissue examination staining method. Furthermore, Luxol fast blue (LFB)
stain was used for demonstration of myelinated nerve fibers in corpus callosum. Mean area percent of positively stained
myelinated nerve fibers in corpus callosum region from 6 random non-overlapping fields per tissue section stained by LFB from
different samples of all groups.

All micrographs and data were obtained by using full HD microscopic camera operated by Leica application module
for tissue sections analysis (Leica Microsystems GmbH, Wetzlar, Germany)”. All methods of tissue sample preparation
and staining as outlined by Drury and Wallington.*!

Statistical Analysis

The data of all the biochemical parameters in addition to the % myelination using LFB were analyzed using one-way ANOVA
followed by Tukey’s multiple comparison test. Behavioural tests were analyzed using two-way ANOVA followed by Tukey’s
multiple comparison test. GraphPad Prism software (version 7.04; GraphPad Software, Inc., San Diego, CA, USA) was used to
perform the statistical analysis and create the graphs. ROUT method was used to test for outliers and Kolmogorov—Smirnov test
was used as a normality test.

Results
Effect of EAE and Different Treatments on Body Weight and Clinical Score

The scores and mean body weights of the mice on specific days are represented in Table 3. It showed that the mean weights in the
group representing the model and EAE+PLGA group decreased from day 0 to day 30 and the later results were significantly
different from that of the control group. It can also be seen that the mean weights were almost steady throughout the period of
experimentation in the groups in which EAE was induced and then treated with either thMBP or rituximab. The group that was
given the nanoformulation showed increase in the mean weights after EAE induction and its results followed the same pattern of
the control group. This is also represented in Figure 4A and Supplementary Figure S1. Turning now to the scores, by comparing

the results representing the model and the group treated with PLGA nanoparticle after EAE induction with the other groups, it can
be concluded that the animals in both groups experienced more clinical symptoms of the disease. On the other hand, the scores of
the other groups were better and showed improvement in the clinical condition of the mice. The results of the group given the
nanoparticle enclosing thMBP with rituximab on its surface were better than other groups in terms of ameliorating the clinical
symptoms reflected in low score values. This is also represented in Figure 4B and Supplementary Figure S1 (Full data are shown

in Supplementary Table S1).

Behavioral Parameters
Effect of EAE and Different Treatments on Rotarod and Grip Strength Tests
The results represented in the line charts (Figure 5 and Supplementary Figure S2) of the groups in which EAE

was induced and no treatment option was provided (EAE+PBS, EAE+PLGA) showed a progressive decline
throughout the duration of these tests. The charts revealed that the behavior of the mice in the EAE+Nano-
rhMBP-RTX group declined in both rotarod and grip strength testing reaching the least values on days 7 and 10,
respectively, and then this was improved gradually and significantly after treatment till the end of the experi-
mentation. The other groups that were treated with thMBP or RTX after induction showed the same pattern of

declination and then improvement after treatment but with different significance levels.
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Table 3 Results of the Measured Weights and Observed Scores of C57BL/6 Mice in All Groups

Days CTRL + PBS EAE + PBS EAE + PLGA EAE + rhMBP EAE + RTX EAE + Nano-rhMBP-RTX
Weight Score Weight (Mean | Score (Mean | Weight (Mean Score Weight (Mean Score Weight (Mean Score Weight (Mean Score
(Mean % SD) | (Mean) &+ SD) &+ SD) &+ SD) (Mean *'& &+ SD) (Mean®% % *'&+ SD) (Mean*®t *'&-+ SD) (Mean®*'®%
SD) SD) SD) SD)

0 242 + 432 0 224 +297 0 25.6 + 2.70 0 23+ 430 0 232+ 421 0 242+ 1.48 0

3 24.8 + 4.44 0 214+ 1.34 0.67 + 0.52 25.6 + 2.70 0.67 + 0.52 242+ 471 1.00° + 0.00 238 + 4.66 0.67 + 0.52 242+ 1.48 04

7 258 + 3.77 0 16.8° + 1.64 1.50° + 0.55 24.8 + 455 1.67% + 0.52 242° + 427 1.67% + 0.52 24 + 4.90 1.33° £ 0.52 242+ 1.48 1,00 + 0.00

10 264 + 451 0 14.8° + 3.63 2.50* + 0.55 228 + 4.55 2.67* + 0.52 24.4° + 434 2.67* +0.52 25.2° + 4.60 2.00* + 0.63 24.4° + 230 1.50%°<¢ + 0,55

14 26 + 3.6l 0 15.2° + 4.44 3.50* + 0.84 19.8 + 3.96 3.33* £ 0.52 23.8° + 4.11 3.17% £ 041 25.0° + 4.69 2.50%° + 0.84 27.2°° + 1.48 3.00* + 0.00

21 27+ 4 0 16.4* + 4.93 3.67* + 1.03 17.6* + 3.78 433* 052 24> + 529 2.83%¢ + 0.41 25.4° + 4.04 2.00%<¢ £ 0.63 28.4° + |.52 1.50%°< + 0.84

28 27.4 £ 397 0 17* £ 4.36 4.67* £ 052 16.8"  3.96 4.67* £ 0.52 25 £ 9.90 2,50 + 0.55 25.8° + 476 1.00°¢ £0.63 | 29.2° £ 1.64 | 033°%052

Notes: The data were presented as Mean % + SD. Each mean is presented with letters to denote the significance level with reference to other group. *CTRL+PBS, PEAE+PBS, “EAE+PLGA, “EAE+rhMBP.
Abbreviations: CTRL, Control; EAE, Experimental autoimmune encephalomyelitis; PBS, Phosphate buffered saline; PLGA, Poly (lactic-co-glycolic-acid); rhMBP, Recombinant human myelin basic protein; RTX, Rituximab; Nano-rhMBP-
RTX, Nanoparticle formulation enclosing myelin basic protein with rituximab on its surface.
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Figure 4 Line charts representing (A) the changes in the weights and (B) scores of the mice throughout the period of experimentation especially on days 0, 3, 7, 10, 14, 21
and 28 post induction and the results were plotted accordingly. The level of significance is presented with letters with reference to the other groups. (a) CTRL+PBS, (b) EAE
+PBS, (c) EAE+PLGA, (d) EAE+rhMBP. Each data point represents the mean of experiments + S.D. (n = 8). Statistical analyses were performed using Two-way ANOVA
followed by Tukey’s post hoc test, and the criterion for statistical significance was set to p < 0.05.

Abbreviations: CTRL, Control; EAE, Experimental autoimmune encephalomyelitis; PBS, Phosphate buffered saline; PLGA, Poly (lactic-co-glycolic-acid); rhMBP,
Recombinant human myelin basic protein; RTX, Rituximab; Nano-rhMBP-RTX, Nanoparticle formulation enclosing myelin basic protein with rituximab on its surface.
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Figure 5 Line charts representing the behavioral changes that occurred to the mice throughout the period of experimentation, (A) Rotarod and (B) grip strength were
done on days 0, 3, 7, 10, 14, 21 and 28 post induction and the results were plotted accordingly. The level of significance is presented with letters with reference to the other
groups. (a) CTRL+PBS, (b) EAE+PBS, (c) EAE+PLGA, (d) EAE+rhMBP, (e) EAE+RTX. Each data point represents the mean of experiments + S.D. (n = 8). Statistical analyses
were performed using Two-way ANOVA followed by Tukey’s post hoc test, and the criterion for statistical significance was set to p < 0.05.

Abbreviations: CTRL, Control; EAE, Experimental autoimmune encephalomyelitis; PBS, Phosphate buffered saline; PLGA, Poly (lactic-co-glycolic-acid); rhMBP,
Recombinant human myelin basic protein; RTX, Rituximab; Nano-rhMBP-RTX, Nanoparticle formulation enclosing myelin basic protein with rituximab on its surface.

Effect of EAE and Different Treatments on Movement and Performance in an Open Field

EAE induction reduced the movement of the animals in the model group when compared to the control group; this
is reflected in Figure 6 which shows reduction in the total distance moved, rearing, exploration percent, mobility
average speed and mobility rate along with increased latency. Data also drags the attention to the maximum
improved performance from around day 14 post induction in EAE+Nano-rhMBP-RTX group. The recorded
movements of mice are presented in Figure 7. (Results of each group are represented separately in
Supplementary Figures S3 and S4).
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Figure 6 Line charts representing the movement of the animal in an open field, (A) Rearing, (B) Total distance, (C) Mobility average speed, (D) Mobility rate and (E)
Exploration rate were done on days 0, 3, 7, 10, 14, 21 and 28 post induction and the results were plotted accordingly. The level of significance is presented with letters with
reference to the other groups. (a) CTRL+PBS, (b) EAE+PBS, (c) EAE+PLGA, (d) EAE+rhMBP, (e) EAE+RTX. (F) Representative digital images showing zones explored by
animals during the test on day 28 post induction. The color of the zone indicates the activity frequency, blue represents the least frequency followed by light blue, yellow and
finally red. i. Model group, ii. EAE+Nano-rhMBP-RTX. Each data point represents the mean of experiments * S.D. (n = 8). Statistical analyses were performed using Two-way
ANOVA followed by Tukey's post hoc test, and the criterion for statistical significance was set to p < 0.05.

Abbreviations: CTRL, Control; EAE, Experimental autoimmune encephalomyelitis; PBS, Phosphate buffered saline; PLGA, Poly (lactic-co-glycolic-acid); rhMBP,
Recombinant human myelin basic protein; RTX, Rituximab; Nano-rhMBP-RTX, Nanoparticle formulation enclosing myelin basic protein with rituximab on its surface.
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Biochemical Determinations
Effect of EAE and Different Treatments on Inflammatory Biomarkers
The bar chart (Figure 8) shows that induction of EAE without treatment increased the levels of interferon-y (IFN-

CTRL+PBS EAE+PBS EAE+PLGA

Figure 7 Representative sample of the paths of the animals during the time of the test on day 28 post induction. The lines represent the path of one animal from the
indicated treatment group during the 5 minutes observation period of the open-field test. These shots were taken using Tox trac software while analyzing the recorded
videos.

Abbreviations: CTRL, Control; EAE, Experimental autoimmune encephalomyelitis; PBS, Phosphate buffered saline; PLGA, Poly (lactic-co-glycolic-acid); rhMBP,
Recombinant human myelin basic protein; RTX, Rituximab; Nano-rhMBP-RTX, Nanoparticle formulation enclosing myelin basic protein with rituximab on its surface.

v), myeloperoxidase (MPO) and interleukin-10 (IL-10) to about 1.5 times the PBS control, whereas it decreased
the levels of interleukin-4 (IL-4) to about 37% of the corresponding control. By contrast, in the groups in which
encephalomyelitis was induced and then treated with rhMBP or the new formulation, levels of IFN-y, MPO and
IL-10 were almost halved. Only the values of IFN-y and IL-10 were reduced to almost 60% when comparing RTX
+EAE group with the EAE PBS control. EAE+Nano-rhMBP-RTX group showed a notable elevation in IL-4 levels
to about two folds EAE+PBS control group.

Effect of EAE and Different Treatments on BDNF, TNF-a, TGF-$ and NF-kB Signaling

The results of the analysis represented in Figure 9 indicates that when EAE is induced, the values of tumor
necrosis factor alpha (TNF-a) increased to 2 folds and the values of nuclear factor kappa B (NF-kB) increased to
nearly 1.5 folds of the corresponding control. Other biochemical parameters such as brain derived neurotrophic
factor (BDNF) and transforming growth factor beta (TGF-f) were reduced to 72% and 55.54%, respectively, of
the corresponding control. A reduction in the levels of TNF-a was also found in both groups that were treated
with thMBP or rituximab after EAE induction to 61.09% and 37.37%, respectively, when compared to the model
while only the group treated with thMBP following EAE induction experienced a reduction in the levels of NF-kB
to almost half. In the Nano-rhMBP-RTX+EAE group the levels of TNF-a and NF-kB were reduced to 25.82% and
58.7%, respectively, and the values of BDNF and TGF-$ were increased compared with the model.
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Figure 8 EAE induction and different treatments impact on the levels of the inflammatory biomarkers; (A) IFN-y, (B) MPO, (C) IL-10 and (D) IL-4. Each bar with a vertical
line represents the mean of experiments + S.D. (n=6). Statistical analysis were performed using one-way ANOVA followed by Tukey’s post hoc test. Significance levels are

presented as follows: *p < 0.05, *p < 0.01, **p < 0.005, ***p < 0.001.
Abbreviations: ns, no significance; CTRL, Control; EAE, Experimental autoimmune encephalomyelitis; PBS, Phosphate buffered saline; PLGA, Poly (lactic-co-glycolic-acid);
rhMBP, Recombinant human myelin basic protein; RTX, Rituximab; Nano-rhMBP-RTX, Nanoparticle formulation enclosing myelin basic protein with rituximab on its surface.

Effect of EAE and Different Treatments on Myelination/Demyelination Motifs

As presented in the charts (Figure 10), the levels of myelination markers 2°, 3’ cyclic nucleotide 3” phosphodiesterase (CNP)
and Oligodendrocyte Transcription Factor-1 (Olig-1) were reduced to almost 20% of the corresponding control after EAE was
induced while the levels of demyelination determinant Nuclear Factor Kappa B p65 subunit (NF-kB p65 subunit) were
increased to almost 2.5 folds of the corresponding control. When comparing the other treated groups with the model, it was
found that the values of CNP were increased to around 4-5 folds and the values of Olig-1 were increased as well to about 2—3
folds. If we turn to the results of NF-kB p65 subunit, the results of all groups in which EAE was induced and then treated
showed reduction to almost 50% of the model. The group treated with nanoparticle enclosing thMBP and rituximab after EAE
induction showed the highest percent change than the other treatment groups.
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Figure 9 EAE induction and different treatments impact on the levels (A) BDNF, (B) TNF-q, (C) TGF-p and (D) NF-kB. Each bar with a vertical line represents the mean of
experiments * S.D. (n=6). Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. Significance levels are presented as follows: *p < 0.05,
*rkp < 0.005, ¥*¥p < 0.001.

Abbreviations: ns, no significance; CTRL, Control; EAE, Experimental autoimmune encephalomyelitis; PBS, Phosphate buffered saline; PLGA, Poly (lactic-co-glycolic-acid);
rhMBP, Recombinant human myelin basic protein; RTX, Rituximab; Nano-rhMBP-RTX, Nanoparticle formulation enclosing myelin basic protein with rituximab on its surface.

Histopathological Analysis

Examination of CAl and CA3 Hippocampal Regions Using H&E Stain

Microscopic examination of hippocampal regions was performed to assess the effect of EAE induction on these
areas as well as the effect of different treatments in ameliorating the EAE-generated damages. After examining
all hippocampal areas, CA1 and CA3 regions were found to be the most affected regions which are worth
focusing on. All groups in which EAE was not induced demonstrated normal morphological features of CA1 and
CA3 hippocampal layers with apparent intact pyramidal neurons having well-defined cellular details, normal
intercellular tissue with few scattered glial cells (Figure 11A-J). It is also apparent that the most affected group
with respect to CA1 hippocampal region was the model (Figure 11K) which displayed the presence of severe
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Figure 10 EAE induction and different treatments impact on the levels of (A) CNP, (B) Olig-1 and (C) NF-kB p65 subunit. Each bar with a vertical line represents the mean
of experiments * S.D. (n=6). Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. Significance levels are presented as follows: *p <
0.05, #p < 0.01, **p < 0.005, ****p < 0.001.

Abbreviations: ns, no significance; CTRL, Control; EAE, Experimental autoimmune encephalomyelitis; PBS, Phosphate buffered saline; PLGA, Poly (lactic-co-glycolic-acid);
rhMBP, Recombinant human myelin basic protein; RTX, Rituximab; Nano-rhMBP-RTX, Nanoparticle formulation enclosing myelin basic protein with rituximab on its surface.

neuronal damage and loss with many shrunken, darkly pyknotic pyramidal neurons, moderate perineuronal edema
and glial cells infiltrate. Similarly, CA3 hippocampal region (Figure 11L) was affected showing moderate
neuronal damage and loss with many shrunken, darkly pyknotic pyramidal neurons alternated with fewer
apparent intact cells, moderate perineuronal edema and glial cells infiltrate. Likewise, the group that was treated
with the empty nanoparticle after EAE induction (Figure 11M) displayed the presence of CA1l hippocampal
damage reflected in the persistence of many damaged and degenerated pyramidal neurons altered with apparent
intact cells, moderate perineuronal edema and mild glial cells infiltrate. When observing the CA3 hippocampal
region of this group (Figure 11N), it was noticed that it contained almost intact pyramidal cells with minimal
records of cellular damage or alteration, however, persistence of mild perineuronal edema and glial cell infiltrate
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Figure 11 CAl/hippocampal regions and CA3/hippocampal regions stained with H&E stain. Normal control group (A and B), different treatments’ control groups (C-J),
model (K and L), treated groups after disease induction (M—T). Black arrows point to intact neurons, red arrows indicate damaged, degenerated neurons and arrow heads
mark the glial cells infiltrates.

Abbreviations: CTRL, Control; EAE, Experimental autoimmune encephalomyelitis; PBS, Phosphate buffered saline; PLGA, Poly (lactic-co-glycolic-acid); rhMBP,
Recombinant human myelin basic protein; RTX, Rituximab; Nano-rhMBP-RTX, Nanoparticle formulation enclosing myelin basic protein with rituximab on its surface.

were recorded. The CA1l hippocampal region of the group that was given rhMBP after disease induction
(Figure 110) contained moderate higher glial cell infiltrates while in the CA3 hippocampal region
(Figure 11P) the damage was similar to that of the model. The other group treated with RTX after disease
induction showed variable mixture of damaged, shrunken darkly stained pyramidal neurons with moderate
perineuronal edema alternated with apparent intact neurons along with the presence of mild glial cells infiltrate
in both CA1 and CA3 hippocampal regions with the exception of the edema being mild in CA3 hippocampal
region (Figure 11Q and R). The group given the nanoformulation after EAE induction displayed no apparent
damage in CA1 hippocampal layers with apparent intact pyramidal neurons having well-defined cellular details
and only few scattered glial cells (Figure 11S) and in the CA3 hippocampal regions, most of the pyramidal
neurons were apparently intact without abnormal cellular alteration with few scattered degenerated neurons, mild
perineuronal edema and mild glial cell infiltrates (Figure 11T). The severity of the damage that occurred in these
arcas among different groups is represented in Table 4.

Examination of Myelin Sheath in the Corpus Callosum Using Luxol Fast Blue Stain

The corpus callosum in the brains of all groups was examined using Luxol fast blue staining as shown in Figure 12A-J
with the residual myelin fragments pointed at since demyelination and axonal damage in this area is a remarkable feature
of MS. As represented in Figure 12K, induction of EAE caused reduction in the reactive myelin % to nearly quarter the
corresponding control likewise in the EAE+PLGA group it decreased to almost Y4 of the control group. The percentages
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Table 4 H&E Stain Results Indicating the Severity of the Damage Induced Among All Experimental Groups in CAl and CA3

Hippocampal Regions

CTRL CTRL CTRL CTRL CTRL+Nano- EAE EAE EAE EAE EAE+Nano-
+PBS +PLGA | +rhMBP | +RTX rhMBP-RTX +PBS | +PLGA | +rhMBP | +RTX rhMBP-RTX
Neuronal - - - - - 4+ ++ _ + R
damage
Edema - - - - - ++ ++ B ++ _
Glial cells - - - - - ++ + 4 + _
infiltrates
CA3
CTRL CTRL CTRL CTRL CTRL+Nano- EAE EAE EAE EAE EAE+Nano-
+PBS +PLGA | +rhMBP | +RTX rhMBP-RTX +PBS | +PLGA | +rhMBP | +RTX rhMBP-RTX
Neuronal - - - - - ++ + ++ ++ +
damage
Edema - - - - - ++ ++
Glial cells - - - - - ++ T+
infiltrates

Abbreviations: -, nil; +, mild; ++, moderate; +++, severe.

of the groups treated with rhMBP and RTX after disease induction increased by 78%, and 88% of the model,
respectively. An even higher increase of the % myelination was found when comparing the group given Nano-
rhMBP-RTX after EAE induction with the model by almost 1.5 folds.
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Figure 12 Photomicrographs of corpus callosum sections stained with Luxol fast blue stain. Shown are the stains from the non-EAE-induced control groups (CTRL) with the different
treatment options as indicated (A-E). EAE-induced groups for the same treatment options are shown in (F-J). Arrows point to the myelin fragments in the corpus callosum. (K) EAE
induction and different treatments impact on the % myelination in the corpus callosum. Each bar with a vertical line represents the mean of experiments # S.D. (n=2). Statistical analysis
was performed using ANOVA followed by Tukey’s post hoc test. Significance levels are presented as follows: **p < 0.01, **p < 0.005, ***p < 0.001.
Abbreviations: ns, no significance; CTRL, Control; EAE, Experimental autoimmune encephalomyelitis; PBS, Phosphate buffered saline; PLGA, Poly (lactic-co-glycolic-acid);
rhMBP, Recombinant human myelin basic protein; RTX, Rituximab; Nano-rhMBP-RTX, Nanoparticle formulation enclosing myelin basic protein with rituximab on its surface.
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Discussion

The purpose of this study was to test the possible neuroprotective effect of a nanoformulation enclosing rhMBP with
RTX on its surface in managing MS symptoms and limiting the disease progression. Based on accumulating evidence,
RTX was found to be highly effective for MS with a tolerable safety profile.'*** C57BL/6 mice were first subjected to
EAE induction (except the control groups) using a single subcutaneous injection of a 100 pL emulsion of MOG (35-55)
and CFA along with an intraperitoneal injection of pertussis toxin on days 0 and 2. Several follow-up methods and tests
were performed varying from behavioural, biochemical and histopathological analyses in addition to scoring and
weighing the mice daily. After some days post induction when the majority reached a clinical score of 3, each group
was given its corresponding treatment whether empty PLGA nanoparticle, RTX, rhMBP, or the tested nanoformulation.

Following EAE induction, immune-mediated implications occur which have an important role in the evolution
of MS lesions and hence the disease progression. The resultant production of certain inflammatory cytokines such
as IFN-y and TNF-o promotes inflammation.** This is reflected in our study as the model group showed rise in the
levels of these parameters as well as MPO levels which is an enzyme correlated with the disease severity.**
Levels of NF-kB p65 subunit which has a role in driving the inflammatory immune responses were also elevated
in this group post induction.*> In contrast, BDNF levels were reduced as it is negatively affected by the
circulating cytokines as well as the decrease in the levels of TGF-B, CNP, IL-4 and Olig-1. Predictably, the
group in which EAE was induced and then empty nanoparticles were given demonstrated the same responses as
the model since no actual treatment was provided. Reversing the trend of the untreated EAE group, rhMBP and
RTX treatments post induction resulted in a reduction of IFN-y, NF-kB and TNF-a levels and increased values for
CNP and Olig-1. These results are supported by preceding studies which showed nearly similar results.?'****” The
greatest improvement in the previous parameters was achieved by treating EAE-induced mice with the nanofor-
mulation enclosing thMBP with RTX on its surface. It showed a marked elevation in the levels of IL-4 which has
a potent anti-inflammatory property compared to the EAE-PBS group, highest rise in the levels of both CNP and
Olig-1 as well as an increase in BDNF and TGF-B. For NF-kB and TNF-a, where the levels went up following
EAE induction, values declined afterwards compared to the controls. The differences observed between the group
treated with the free hMBP and the other treated with the nanoformulation encapsulating thMBP were previously
studied where the latter demonstrated superiority.?' The amelioration of MS signs can be attributed to the fact that
although RTX is an antibody against B-cells, its effect on T-cells is intriguing as it causes depletion in the CD20+
T-cells. The reduction in T-cell infiltration into the brain after RTX treatment was observed and could be due to
the lack of B-cells, which could act as antigen-presenting cells for T-cells, or perhaps this drug may affect T-cell
recruitment and activation through paracrine fashion.*® Furthermore, it has been previously shown that T-cells in
the peripheral blood of healthy donors or rheumatoid arthritis patients express CD20 which may be depleted upon
RTX therapy.*’ On the other hand, the neuroprotection afforded by rhMBP is thought to be by suppressing
inflammation and lowering pro-inflammatory cytokines as IFN-y, TNF-o and IL-17 as well as improving
cytoprotective mechanisms which may lead to protection against cytokine-mediated demyelination of CNS
axon.”® Interestingly, in the nanoparticle formulated thMBP-RTX treated group, the animals had higher body
weights and lower signs’ scores in comparison with other treatment groups indicating more amelioration of the
MS signs. An effect that can be attributed first to the combination of these two drugs and secondary to the relative
superiority of the nanoparticle preparation over the free thMBP or RTX in exhibiting a sustained release pattern
and thus a relatively better efficacy.

Biochemical assessments were complemented by performing behavioural tests that reflect the performance of animals along
with following up the changes in their weights and clinical scores throughout the study. The group representing the EAE model
showed deterioration in almost all behavioural tests demonstrating the least values for both the rotarod and the grip strength in
addition to a decline in the movement within the open-field test. It also experienced significant reduction in the weights of the
mice throughout the course of the study along with an increase in the clinical scoring denoting the development of more clinical
symptoms of the disease. Our results were consistent with prior studies that reported comparable outcomes following EAE
induction.>' Contrary to their controls, in the hMBP and RTX treated groups following EAE induction, weights and scores
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recorded daily remained almost steady with no significant changes which verified that these treatments were capable of causing
considerable improvements. Interestingly, in the nanoformulation treated group, in almost all the behavioural tests performed,
the animals improved gradually after the treatment was initiated and showed essentially a full recovery at the end of the
experiments with levels comparable to animals in the non-induced control group CTRL+PBS. This was also reflected in having
lower clinical scores indicating more amelioration of the clinical symptoms. In nearly all the previously mentioned tests, there
were differences between the EAE-induced and the non-induced control group which demonstrates that we have achieved
comprehensive EAE induction with our approach.

The beneficial effects of the treatments were also confirmed by histopathological examination of brain sections
stained with hematoxylin and eosin (H&E) as well as LFB stained brain sections. EAE induction mostly affected
the CA1 and CA3 regions while other regions appeared relatively normal. Previous studies mentioned the effect of
EAE on these 2 regions.’>>* The nano-thMBP-RTX group was associated with the least damage and showed only
mild damage, edema and infiltration in both regions (Table 4). Analysis of the corpus callosum for changes to the
myelination level detected an increase by 1.5 folds in the nano-rhMBP-RTX group compared to untreated EAE-
PBS control group. On the other hand, in the EAE group, the CAl region had severe neuronal damage, moderate
edema and moderate glial cell infiltrates compared to CA3 region which was mildly injured. Groups treated with
either hMBP or RTX showed moderate neuronal damage with mild glial cell infiltrates in both regions. Overall,
nano-rhMBP-RTX was the most effective treatment in bringing the EAE-affected levels of the measured com-
pounds back or close to normal.

This study was limited to male mice specifically C57BL/6 strain weighing 20-25 g so it needs to be extrapolated on
animals with other demographics. Also, deeper investigation in the clinical arena should be taken into consideration in
future work. Contrary to expectations, the levels of IL-10 were found to be elevated in the model group compared to its
control whereas in the group treated with the nanoparticle formulation its levels were reduced. Although this is not
a general outcome in most of the previous literature, as several studies support the role of IL-10 in inhibiting EAE due to
its role as an anti-inflammatory cytokine, but some other studies stated that its role is still controversial, and that it might
have either no effect or tends to exacerbate the severity of EAE in mice so this left an open question that should be

addressed in future studies.’*>

Conclusion

The combined results from the group treated with the formulation enclosing hMBP with RTX on its surface showed that
with this treatment great improvement can be achieved by ameliorating the adverse effects induced in the EAE model.
The effectiveness of this formulation was demonstrated by the normalization of EAE-induced behavioral changes and
aberrant levels of specific biochemical markers as well as reduced damage of hippocampal tissues and retaining higher
levels of myelination. Despite these auspicious results, further studies will be required to prove its safety and efficacy and
develop the nano-thMBP-RTX formulation into a novel treatment option for MS patients.
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