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Objective: Herceptin (trastuzumab) is an approved drug for treating HER2+ breast cancer 
patients, but its use for other diseases is not established. We sought to investigate the effects 
of Herceptin on ameliorating experimental autoimmune encephalomyelitis (EAE) and to 
examine its effects on the expression of various genes.
Methods: We used in-silico analysis of publicly available data, qRT-PCR, and immunohisto
chemistry (IHC) to determine the expression of HER2+ cells in the brains of EAE mice. IHC was 
also utilized to determine the anti-inflammatory effects of Herceptin. The ability of Herceptin to 
alleviate the EAE clinical score was measured in these mice. Bioinformatics analysis of publicly 
available data and qRT-PCR were performed to investigate the differentially expressed genes that 
were either up-regulated or down-regulated during the high clinical score (HCS) of the disease.
Results: We observed that HER2/Erbb2, the receptor for Herceptin is upregulated in the 
brains of EAE mice when the brains were examined at the HCS stage. Further, we demon
strated that Herceptin ameliorates the EAE disease, increasing re-myelination, reducing brain 
inflammation, CD3+ T cell accumulation, and HER2+ cells in the brains of these mice. 
Molecular analysis demonstrated the expression of different genes that were either up- 
regulated or down-regulated during the HCS of the disease. Our combined bioinformatics 
and qRT-PCR analyses show increased mRNA expression of Atp6v0d2, C3, C3ar1, Ccl3, 
Ccl6, Cd74, Clec7a, Cybb, H2-Aa, Hspb1, Lilr4b, Lilrb4a, Mpeg1, Ms4a4a, Ms4a6c, Saa3, 
Serpina3n and Timp1, at HCS. Except for the mRNA levels of Cd74 and Clec7a which were 
increased at HCS when Herceptin was used in both prophylactic and therapeutic regimens, 
the levels of other described mRNAs were reduced.
Conclusion: These novel findings show that Herceptin ameliorates the clinical score in EAE 
mice and are the first to investigate in detail the differential gene expression post-treatment 
with the drug.
Keywords: herceptin, EAE, prophylactic, therapeutic, high clinical score, bioinformatics, 
qRT-PCR, immunohistochemistry, differential gene expression

Introduction
Multiple sclerosis (MS) is an autoimmune inflammatory disease that results from 
damage to myelin, the coating protective layer of neurons in the brain and spinal 
cord.1,2 This disrupts the communication signals of the nervous system, leading to a 
variety of signs and symptoms.3 MS patients suffer from neurological symptoms 
that appear according to the location of the damages within the nervous system. 
These include loss of sensation associated with numbness, muscle weakness, 
difficulty with coordination and balance (ataxia), as well as speech disturbance.4–8
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In some MS patients, there are phases of severe and 
worsening clinical symptoms that are called relapses or 
exacerbations. These are usually followed by quiet periods 
where clinical symptoms are ameliorated, ie, remissions.9 So 
far, the available therapies of MS aim at improving body 
function and preventing the development of new lesions.10

It is known that the mechanism of the disease is a result 
of myelin-producing cell damage by the immune system.9 

Notably, the hallmark of this disease asides from demyeli
nation, is the inflammatory status that is caused by auto
reactive T cells which penetrate through the blood-brain 
barrier (BBB), recognizing and destroying the myelin 
sheath.1,10 Additionally, multiple genetic variations have 
been associated with the development of MS.11,12 

Experimental autoimmune encephalomyelitis “EAE” is the 
mouse model for human MS since it is quite similar to 
pathologies as observed in the central nervous system 
(CNS) inflammation and demyelination, and is commonly 
used for the evaluation of potential MS treatments.13

The epidermal growth factor “EGF” family signaling pro
teins are important for cell multiplication and migration. This 
family comprises EGFR “Erbb1/HER1”, “Erbb2/HER2”, 
“Erbb3/HER3”, and “Erbb4/HER4”.14 The antibody 
Trastuzumab “Herceptin™” binds to human Erbb2/HER2. 
Approximately 20–25% of invasive breast cancers exhibit 
overexpression of the HER2 tyrosine kinase receptor.15,16 

Herceptin is often used to treat HER2+ breast cancer patients 
either at the early or advanced stage of the disease. The 
mechanisms by which Trastuzumab induces regression of 
HER2-overexpressing tumors are still being elucidated, but 
several molecular and cellular effects have been reported.17,18 

It is worth mentioning that EGF family members were pre
viously investigated in MS. For instance, blocking the EGF 
ligand was found to induce differentiation of various cell types 
in the CNS that are involved in the pathophysiology of 
MS.19,20 In this study, we aimed at examining the plausible 
effects of Herceptin for treating EAE. Furthermore, we sought 
to investigate whether there is a differential gene expression in 
the brains of EAE mice compared to healthy counterparts that 
may act as a diagnostic or prognostic biomarker for EAE and 
whether Herceptin might modulate such expression.

Materials and Methods
Induction of EAE Using Female Swiss Jim 
Lambert “SJL” Mice
All animal studies were reviewed and approved by the 
University of Sharjah animal care and use committee 

“ACUC”; approval number UOS-ACUC-16-003, and fol
lowing the UoS research policy and procedures for animal 
care. For in vivo experiments, female SJL/J mice (H-2ˢ, 
purchased from Jackson Laboratories, Bar Harbor, ME, 
USA), aged 4–6 weeks, were used. These mice were 
injected subcutaneously (SC) with 200 μg of myelin pro
teolipid protein “PLP” 139–151 peptide (Abbiotec, San 
Diego, CA, USA) emulsified in complete Freund’s adju
vant containing 1 mg Mycobacterium tuberculosis (Sigma- 
Aldrich, Darmstadt, Germany). A 200 ng of Bordetella 
pertussis toxin (Sigma-Aldrich) was injected intraperito
neally “IP” at a similar time of PLP injection, and again 
after 48 h. The animals were independently monitored and 
checked daily, and the EAE clinical score was measured 
according to the following scoring protocol: 0 = no clinical 
disease, 1 = tail flaccidity, 2 = hind limb weakness, 3 = 
hind limb paralysis, 4 = forelimb paralysis, and 5 = mor
ibund or death, as described.21

Treatment of EAE Mice with Herceptin
Herceptin was obtained from Hoffmann-La Roche Ltd. 
(Basel, Switzerland). EAE mice were divided into four 
groups, where each group consisted of 5 mice. The first 
group was considered as the disease control without treat
ment. The second group is called prophylactic, which 
includes mice that were injected IP with 5 μg Herceptin 
every 3 days since the initiation of the disease and until 
termination. The third group, designated as therapeutic, 
includes mice that were injected IP with 5 μg Herceptin 
every 3 days starting from the day of the appearance of 
symptoms (usually between 8–10 of the initiation of the 
diseases), and until termination. The last group includes 
EAE mice that were injected with 1 μg of isotype IgG 
control antibody (R&D Systems, Minneapolis, MN, USA) 
IP every 3 days, until termination.21

Identification of Top DEGs in EAE Brains
To identify EAE-specific differentially expressed genes 
“DEGs”, publicly available transcriptomic datasets 
(regardless of the studied mouse model) were retrieved 
from Gene Expression Omnibus “GEO” (https://www. 
ncbi.nlm.nih.gov/geo/) and reanalyzed as described.22 

GSE99300 dataset was retrieved as it was designed to 
determine the distinct CNS surrogate biomarkers between 
two different mouse strains which develop primary pro
gressive EAE. Microarray analysis was conducted using 
brain samples collected from EAE mice at the disease 
peak. GEOquery and limma R packages through the 
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GEO2R tool were used to identify DEGs that showed 
p-value <0.05 and more than 5-fold change between 
EAE and the control un-diseased mice. The top DEGs 
between EAE and control brains of mice were illustrated 
using Heat Mapper software.

RNA Extraction and qRT-PCR Analysis
For RNA extraction, mice brains were collected and pre
served under −80°C immediately after dissection. Total 
RNA from the whole brain was extracted using All prep 
DNA/RNA mini kit (Qiagen, Hilden, Germany), after 
crushing the brains using mortar and pestle on dry ice. 
The quantity and purity of RNA were checked using 
NanoDrop 2000 spectrophotometer (ThermoScientific, 
Waltham, MA, USA). About 1000 ng of total RNA was 
converted to cDNA with high-capacity cDNA reverse 
transcription kit (Applied Biosystems, Foster City, CA, 
USA). Quantitative real-time PCR “qRT-PCR” was per
formed using the GoTaq qPCR Master Mix (Promega, San 
Luis Obispo, CA, USA), along with the QuantStudio3 
system (Applied Biosystems, Foster City, CA, USA), 
using the designed primers as listed in Table 1. Gene 
expression was calculated using the 2−ΔΔCT method with 
PPIA as a housekeeping gene, with 3 mice per group done 
in triplicates.

Immunohistochemistry Analysis of Brain 
Tissues
Mice brains were fixed in 10% neutral buffered formalin 
(Thermo Scientific, Waltham, MA, USA) for a minimum 
of 24 h, and then embedded in paraffin and sectioned at 4 
μm. The paraffin-embedded tissue slides were deparaffi
nized, then rehydrated with graded ethanol and distilled 
water. One set of the slides was used for hematoxylin and 
eosin “H&E” staining for morphological analysis with 
Shandon Harris hematoxylin (ThermoScientific, 
Waltham, MA, USA), and counterstained with Shandon 
eosin (ThermoScientific, Waltham, MA, USA). Slides 
stained with rabbit anti-mouse CD3 antibody 
(ThermoScientific, Waltham, MA, USA, Cat. no: MA5- 
14524), or rabbit anti-mouse HER2 (Abcam, Cambridge, 
UK, Cat. no: ab245336), were subjected to antigen retrie
val by steaming the slides in Tris-EDTA buffer at pH 9.0 
for 20 min, followed by blocking with 5% goat serum for 
30 min. The anti-CD3 antibody used at 1:150 dilution, and 
anti-HER2 used at 1:200 dilution were incubated over
night at 4°C, followed by 1 h incubation with the 

Table 1 Primer Sequences of Mouse Genes That Were 
Investigated Using qRT-PCR

Gene Primer Sequence

C1qc F: GGACGGGCATGATGGACTC
R: TTCTGTTTGTATCGGCCCTCC

Clec4e F: AGTGCTCTCCTGGACGATAG
R: CCTGATGCCTCACTGTAGCAG

Ccl66 F: GCTGGCCTCATACAAGAAATGG
R: GCTTAGGCACCTCTGAACTCTC

Ms4a4a F: ATTACCAGCTCCGTGTTTGC
R: CATCACCCTGCATCCAAAGG

H2-Eb1 F: GCGGAGAGTTGAGCCTACG
R: CCAGGAGGTTGTGGTGTTCC

Hspb1 F: ATCCCCTGAGGGCACACTTA
R: GGAATGGTGATCTCCGCTGAC

Mpeg1 F: CTGGATGATAATAGCGTGTGCT
R: CAAGACAGGTAGTTTCAGGGC

Clec7a F: TTTCTCAGCCTTGCCTTCCT
R: CACTCTGATTGCGGGAAAGG

C3ar1 F: TCGATGCTGACACCAATTCAA
R: TCCCAATAGACAAGTGAGACCAA

Igsf6 F: TTCCAAGTCGGTATGGTGGGT
R: CGAAACCACAAGCTCTTTGGTG

H2-Aa F: TCAGTCGCAGACGGTGTTTAT
R: GGGGGCTGGAATCTCAGGT

C3 F: CCAGCTCCCCATTAGCTCTG
R: GCACTTGCCTCTTTAGGAAGTC

Timp1 F: GCAACTCGGACCTGGTCATAA
R: CGGCCCGTGATGAGAAACT

Ms4a6c F: TCAAAGTGATAGTGGCAATCCAG
R: CCCTTCTCTGTCTTCCCCCAT

Lilrb4a F: GGACACCTTCCAAAGCCCATC
R: CCCTGACACCAGGTAATCACA

Cybb F: TGTGGTTGGGGCTGAATGTC
R: CTGAGAAAGGAGAGCAGATTTCG

Saa3 F: TGCCATCATTCTTTGCATCTTGA
R: CCGTGAACTTCTGAACAGCCT

Cd74 F: AGTGCGACGAGAACGGTAAC
R: CGTTGGGGAACACACACCA

Serpina3n F: ATTTGTCCCAATGTCTGCGAA
R: TGGCTATCTTGGCTATAAAGGGG

Atp6v0d2 F: CAGAGCTGTACTTCAATGTGGAC
R: AGGTCTCACACTGCACTAGGT

(Continued)
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secondary antibody goat anti-rabbit IgG HRP (Abcam, 
Cambridge, UK) at a dilution of 1:10,000 for anti-CD3, 
or 1:2000 for anti-HER2 in 1% BSA solution. The color 
was developed by 3,3′-diaminobenzidine (Abcam, 
Cambridge, UK), and counterstained with Shandon eosin. 
Other slides were used for histological myelin staining by 
incubating with Luxol fast blue solution (Abcam, 
Cambridge, UK) overnight at 37°C. The stain was differ
entiated using lithium carbonate solution, ethanol, and 
distilled water and counterstained with Cresyl Echt violet 
(Abcam, Cambridge, UK). The images were captured with 
Olympus DP74 microscope digital camera attached to a 
BX43 microscope (Olympus Life Sciences, Tokyo, Japan), 
at various magnification powers.

Statistical Analysis
All statistical analysis was done using GraphPad Prism 
6 (San Diego, CA, USA). The non-parametric Mann 
Whitney U-test was used when comparing two 
groups. Also, the repeated measures ANOVA 
followed by Sidak’s or Dunnet’s multiple comparison’s 
tests was used when comparing more than two 
groups. P-value <0.05 was considered statistically 
significant.

Results
HER2/Erbb2 mRNA Expression in EAE 
Mice
While performing bioinformatics analysis, we observed 
that there was a significant elevation in HER2 expression 
in EAE mice as compared to normal mice (Figure 1A). In 
order to validate this finding, HER2 gene expression was 
assessed in the brains of EAE and normal mice. In these 
experiments, we examined the expression of HER2/Erbb2 
mRNA in mice during high clinical score (HCS=day 18) 
and observed an up-regulation in the EAE untreated mice 
as compared to normal mice (P<0.05, Figure 1B). Upon 
administration of Herceptin whether prophylactically or 
therapeutically, there was a significant reduction in the 
mRNA level expression of HER2 during HCS (P<0.05, 
Figure 1B).

To ascertain that HER2 might be present in the brains 
of EAE mice, we stained these brains with an anti-HER2 
antibody and compared the expression of HER2 protein 
among these mice. Whereas normal mice brains were 
devoid of HER2+ cells, the brains of EAE mice show 
extensive accumulation of such cells (arrows in 
Figure 1C). Treatment with Herceptin reduced this accu
mulation but did not completely ablate it, since HER2+ 

cells were still present whether the mice were treated with 
Herceptin prophylactically or therapeutically (arrows in 
Figure 1C). Quantitatively, HER2+ cells were absent 
from the brains of normal mice but significantly increased 
in EAE mice (P<0.0001, Figure 1D). Intriguingly, brains 
of mice treated with Herceptin either by prophylactic or 
therapeutic regimen, have significantly lower numbers of 
HER+ cells (P<0.0001 as compared to untreated EAE 
mice).

Herceptin Ameliorates EAE Clinical Score
Based on the results showing that HER2 mRNA and 
protein are significantly increased in the brains of EAE 
mice, and that Herceptin alleviates this expression during 
HCS, we sought to examine whether Herceptin might 
ameliorate the EAE clinical score. All groups of mice 
were monitored for 40 days during which EAE clinical 
score and mouse body weights were measured. As shown, 
there was a reduction in the clinical score of mice treated 
prophylactically (P<0.0001), or therapeutically (P<0.01) 
with Herceptin compared to the EAE untreated group 
during the high clinical score “HCS at day 18ʹ 
(Figure 2A and B). However, there was no difference 

Table 1 (Continued). 

Gene Primer Sequence

Wfdc17 F: GGCTTTGATCACTGTGGGGA
R: TGCAGACATGACCACAGCTA

Lyz2 F: ATGGAATGGCTGGCTACTATGG
R: ACCAGTATCGGCTATTGATCTGA

Lilr4b F: AGTGTCGTCACAAAAATAAGGCT
R: CCTGGGCGTACACAATTCCC

Ccl3 F: TTCTCTGTACCATGACACTCTGC
R: CGTGGAATCTTCCGGCTGTAG

Gpnmb F: AGAAATGGAGCTTTGTCTACGTC
R: CTTCGAGATGGGAATGTATGCC

Cxcl13 F: GGCCACGGTATTCTGGAAGC
R: GGGCGTAACTTGAATCCGATCTA

Lcn2 F: TGGCCCTGAGTGTCATGTG
R: CTCTTGTAGCTCATAGATGGTGC

HER2/Erbb2 F: GAGACAGAGCTAAGGAAGCTGA
R: ACGGGGATTTTCACGTTCTCC

PPIA F: GAGCTGTTTGCAGACAAAGTTC
R: CCCTGGCACATGAATCCTGG
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between the IgG isotype control group and EAE untreated 
mice at that time. While, there were significant differences 
between IgG treated group and Herceptin treated groups, 
whether prophylactically (P<0.001) or therapeutically 
(P<0.05). This was further supported by body weight 
changes as prophylactic (P<0.0001), or therapeutic 
(P<0.01) regimens of Herceptin-treated mice displayed 
an increase in their body weight compared to untreated 
groups as recorded daily (Figure 2C). IgG-treated mice 

show no significant differences with untreated mice 
(Figure 2C).

Histopathological Evaluation of the CNS 
Inflammation in EAE Mice
Normal mouse brains show lack of inflammation 
(Figure 3A). In contrast, the brains of EAE untreated or 
IgG treated mice exhibit strong inflammation, as determined 
by H&E staining (Figure 3B and C, respectively). Upon 

Figure 1 In silico and ex vivo gene expression of HER2/Erbb2 in normal, EAE untreated and Herceptin treated groups. (A) Expression of HER2/Erbb2 using publicly available 
data in EAE (red dots; n=5) compared to normal mice (blue dots, n=5). (B) HER2/Erbb2 mRNA expression was validated using qRT-PCR in normal, EAE untreated at the 
high clinical score (HCS), as well as after Herceptin prophylactic and therapeutic treatment regimens. P values indicate the significance compared to EAE untreated mice. 
*P<0.05. (C) Immunohistochemical analysis of the presence of HER2+ cells in the brains of normal mice, EAE untreated mice, or mice treated with Herceptin in a 
prophylactic or therapeutic regimen. Arrows indicate the presence of HER2+ positive cells. Rectangles (40 X) show the part of the brains that were enlarged (400 X). (D) 
Quantification of HER2+ cells in the brains of normal, EAE untreated or Herceptin treated mice. ****P<0.0001. The results are represented as mean ± SEM (n=3). 
Abbreviation: NS, not significant.
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prophylactic Herceptin treatment, there was a reduction of 
inflamed perivascular space “PVS” when compared to 
untreated EAE or IgG treated mice (Figure 3D). 
Furthermore, CD3+ T cells were decreased in the PVS of 
Herceptin-treated mice, particularly after prophylactic treat
ment, since some CD3+ T cells were still observed in the 
brains of EAE mice treated therapeutically with Herceptin. 
Additionally, there was a remarkable re-myelination, as 
determined by Luxol fast staining when Herceptin was admi
nistered in EAE mice as prophylactic, and to a lesser extent 
as a therapeutic drug (Figure 3E).

Messenger RNA Expression for 
Differentially Expressed Genes in EAE Mice 
Brains
In silico analysis of publicly available data revealed top 
DEGs in EAE and normal mice. These genes were classified 
into 5 different categories: a. inflammatory mediators; b. 
chemokines; c. immunoregulatory signaling molecules; d. 
antigen presentation; and e. immuno-modulatory receptors 
(Figure 4A). Being a relapsing-remitting mouse model, it 
was interesting to investigate these genes at a heightened 

disease stage, which could resemble the relapses observed 
in human MS patients. As shown in Figure 4B, mRNAs 
levels for Lilrb4a, Saa3, H2-Aa, Cybb, Cd74, Timp1, 
Lilr4b, C3, Serpina3n, Mpeg1, Atp6v0d2, Ms4a4a, Hspb1, 
Ccl6, Ms4a6c, C3ar1, Clec7a, Ccl3, and Erbb2/Her2, were 
significantly upregulated in the brains of EAE untreated mice 
at high clinical score compared to normal mice brains. Other 
genes although detected using in silico analysis, qRT-PCR 
experiments did not show any detection in the mRNA of 
these genes which include C1qc, Clec4e, H2-Eb1, Igsf6, 
Wfdc17, Lyz2, Gpnmb, Cxcl13, and Lcn2. As they were 
not detected by qRT-PCR, they were not studied further.

Assessment of Inflammatory Mediators and 
Chemokines mRNA Expression in EAE 
Untreated or Herceptin Treated Mice
Since the genes described above and shown in Figure 4 are 
differentially expressed in EAE mice, it was interesting to 
determine whether there is any change in their mRNA expres
sion upon treatment with Herceptin. Among the genes are the 
inflammatory mediators C3, Saa3, Serpina3n, and Hspb1. The 
mRNA expression for complement component C3 was 

Figure 2 Herceptin reduces EAE high clinical score when used as a prophylactic or therapeutic drug. (A) Clinical score was recorded for 40 days in four groups of mice: 
untreated EAE mice (n=5, red line), IgG isotype control EAE mice (n=5, grey line), Herceptin prophylactic (n=5, black line), and Herceptin therapeutic (n=5, purple line). Also 
shown by the arrow, the time of recording the high clinical score (HCS, day 18 after initiation of the disease). (B) P values comparing the clinical score among the different 
groups. (C) Bodyweight change was recorded for each group. P values indicate the significance compared to EAE untreated mice. 
Abbreviation: NS, not significant.
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significantly increased in EAE mice brains during HCS as 
compared to normal mice (P<0.001, Figure 5A). Intriguingly, 
it was downregulated upon Herceptin prophylactic (P<0.05), 
or therapeutic (P<0.05) regimen. Also, the mRNA for human 
serum amyloid A3 “Saa3” was one of the most upregulated in 
EAE mice (P<0.001, Figure 5B). Similar to C3, it was down
regulated upon Herceptin prophylactic (P<0.01) or therapeutic 
treatment (P<0.001). Serpina3n (Figure 5C), and Hspb1 
(Figure 5D) mRNA levels also showed a significant down- 
regulation upon administration of Herceptin by prophylactic or 
therapeutic regimens.

Similarly, the mRNA for the chemokine Ccl3 was ele
vated in EAE mice (P<0.05, Figure 5E). Upon Herceptin 
treatment regimens, it was down-regulated (P<0.05, 
Figure 5E). Ccl6 mRNA was also upregulated in EAE mice 
as compared to control mice (P<0.05, Figure 5F), and was 
significantly reduced upon prophylactic or therapeutic 
Herceptin administration (P<0.001, Figure 5F).

Assessment of Immuno-Regulatory 
Signaling and Antigen Presentation 
Molecules mRNA Expression
Based on the bioinformatics data, it was of interest to 
investigate the immuno-regulatory signaling genes, which 

include Cybb, Atp6vod2, and Timp1. As shown, mRNA 
for Cybb was upregulated in EAE mice as compared to its 
expression in normal mice (P<0.001, Figure 6A), and that 
such expression was reduced upon therapeutic (P<0.01), or 
prophylactic (P<0.01) Herceptin treatment regimen. 
Similarly, Atp6vod2 mRNA level was reduced upon 
Herceptin prophylactic or therapeutic administration 
(P<0.05, Figure 6B). The mRNA level of Timp1 was 
significantly increased in EAE mice (P<0.01, Figure 6C), 
but showed a trend of upregulation, although not statisti
cally significant, upon Herceptin prophylactic or therapeu
tic administration (Figure 6C).

The mRNA for antigen presentation genes including 
Cd74, H2-Aa, and Mpeg1, were assessed in EAE 
untreated, Herceptin prophylactic, or therapeutic treated 
mice. The mRNA levels of all three genes were increased 
in EAE mice as compared to normal mice (P<0.0001, 
P<0.001, and P<0.01, Figure 6D–F, respectively). Upon 
administration of Herceptin prophylactically or therapeu
tically, there was an elevation in the expression of Cd74 
mRNA level (P<0.05 and P<0.001, respectively, 
Figure 6D). In contrast, there was a significant down- 
regulation of H2-Aa upon prophylactic or therapeutic 
administration of Herceptin (P<0.05 and P<0.05, 

Figure 3 Immunohistochemical examination of the mice brains (A) Brains of normal mice. (B) Brains of EAE mice. (C) Brains of IgG-treated mice. (D) Brains of EAE mice 
prophylactically treated with Herceptin. (E) Brains of EAE mice therapeutically treated with Herceptin. Both 40X and 400 X magnifications are shown. Rectangles (40 X) 
show the part of the brains that were enlarged (400 X). H&E staining shows the inflammation determined by arrows. Infiltration of CD3+ cells (anti-CD3 staining) is also 
demonstrated by black arrows. Similarly, high demyelination is detected by Luxol Fast Blue staining (black arrows).
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respectively, Figure 6E). Similarly, Mpeg1 mRNA was 
reduced in mice treated with Herceptin used as either 
prophylactic or therapeutic drug (P<0.01 and P<0.05, 
respectively, Figure 6F).

Assessment of Immune Modulatory 
Receptors mRNA Expression Levels
As demonstrated by the in-silico analysis, the immune 
modulatory receptor genes including Clec7a, Lilrb4a, 
Ms4a4a, C3ar1, Lilr4b, and Ms4a6c were elevated in 
EAE mice (Figure 4). Clec7a mRNA expression was 
upregulated when Herceptin was used (prophylactic: 
P<0.05 or therapeutic: P<0.05, Figure 7A). In contrast, 
the mRNA level of Lilrb4a was significantly 
downregulated after prophylactic (P<0.01), or thera
peutic (P<0.01) Herceptin treatment regimen 
(Figure 7B). As illustrated in Figure 7C, Ms4a4a 
mRNA levels were slightly reduced after Herceptin 
prophylactic or therapeutic treatment; however, this 
change was not statistically significant. Regarding 
C3ar1 (Figure 7D), Lilr4b (Figure 7E) and Ms4a6c 
(Figure 7F), mRNA levels were reduced when 

Herceptin was used prophylactically (P<0.05), or ther
apeutically (P<0.05).

Control IgG Treatment Did Not Affect 
mRNA Expression of All Examined DEGs
In order to ascertain that the observed differences are due 
to the specific effects of Herceptin and not to non-specific 
binding, IgG control antibody was injected into EAE mice 
after which the brains were evaluated by qRT-PCR to 
determine if there is any differential expression between 
mRNA expression of untreated EAE and IgG treated EAE 
mice. As shown, there were no significant differences in 
the mRNA expression of all investigated genes among 
EAE untreated and IgG treated mice, whether the IgG 
was used in a prophylactic or therapeutic regimen 
(Figure S1).

Discussion
Disease-modifying therapies “DMTs” of MS have been 
shown to significantly limit and delay relapses in MS 
patients. These therapies have shown positive results in 
relapsing-remitting MS patients, corroborated with 

Figure 4 In silico and ex vivo analysis of differentially expressed genes “DEGs” between EAE and normal mice. (A) Heat map of DEGs in EAE untreated and normal mice. 
(B) Validation using RT-qPCR for mRNA expression in EAE mice at HCS compared to normal mice brains. P values show the significance compared to normal mice. 
Abbreviation: NS, not significant.
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improving cognitive dysfunctions.23,24 Normally, the 
health of patients improves drastically during the remitting 
period. The factors that differentiate the causes of relapse 
versus remission are not clear. EAE mouse model is uni
versally used to investigate the therapeutic efficacies of 
DMTs.13 We noticed in SJL mice affected with EAE that 
there are periods where the clinical score of the disease is 
high. This period was called HCS, which could, to some 
extent, resemble the relapse period in MS patients. 
Subsequently, we examined in detail various gene expres
sions during this period.

Despite being an autoimmune disease, MS seems to 
have an association with specific genetic factors. For 

instance, studies reported that one of the strongest associa
tions with MS is the gene for HLA-DRB1*15.25,26 In 
addition, many other immuno-regulatory genes were 
reported to be associated with MS where the immune 
system attacks the brain and spinal cord.25,26 Our in silico 
analysis demonstrated that there are differentially 
expressed genes regardless of the mouse model. 
Surprisingly, HER2/Erbb2 gene was differentially upregu
lated in untreated EAE when compared to normal mice, 
and this was supported at the mRNA and protein levels. 
Similarly, it was reported that abnormally high levels of 
EGF were found in the CNS of relapsing remitting MS 
(RRMS) patients causing dysregulation of the immune 

Figure 5 Messenger RNA expression of inflammatory mediators and chemokines in EAE untreated and Herceptin-treated mice. Brain-extracted mRNA expression of (A) 
C3, (B) Saa3, (C) Serpina3n, (D) Hspb1, (E) Ccl3, and (F) Ccl6 was assessed in EAE untreated mice, Herceptin prophylactically treated mice, and Herceptin therapeutically 
treated mice at HCS. Blue columns show the values in normal mice. P values indicate the significance of treated groups compared to EAE untreated mice. *P<0.05, **P<0.01, 
***P<0.001. The results are represented as mean ± SEM (n=3).
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system and exacerbation of the disease.27 Previous studies 
showed that blocking EGF function using inhibitors 
improved the survival and function of neuronal cells,18 

whereas high levels of EGF caused cell damage.27 Based 
on these observations, we hypothesized that blocking the 
EGF receptor HER2 using the drug Herceptin might pos
sess therapeutic efficacy for treating mice affected with 
EAE. HER2 is present on 25–30% of breast cancer tissues 
and is used as a therapeutic target for these patients.28,29 

The mechanism of action of Herceptin is plausibly due to 
blocking HER2 antigen, as well as antibody-dependent 
cellular cytotoxicity “ADCC”.30–32 Herceptin was not pre
viously used for the treatment of autoimmune diseases, 
and specifically MS or EAE.

Here we observed that upon Herceptin treatment 
whether used in prophylactic or therapeutic regimen, 

HER2 mRNA expression was downregulated in the treated 
groups at the HCS. This result was corroborated with 
immunohistochemistry data where the accumulation of 
HER2+ cells was inhibited upon Herceptin treatment. 
This could be a feedback mechanism where the cells 
reduce the transcription of HER2 upon blocking its surface 
protein by the drug.33,34 Subsequently, we aimed to inves
tigate the effects of injecting mice with Herceptin on the 
day of EAE induction (prophylactic regimen), as well as 
on the day of the appearance of clinical symptoms (ther
apeutic regimen). Herceptin prophylactic treatment was 
found to reduce the EAE high clinical score when com
pared to EAE untreated mice. Similarly, administration of 
Herceptin therapeutically significantly decreased the HCS 
severity of EAE when compared to EAE untreated group. 
There was a concomitant increase in the body weight for 

Figure 6 Messenger RNA of immuno-regulatory signaling and antigen presentation molecules in EAE untreated and Herceptin treated mice. Brain-extracted mRNA 
expression of immunoregulatory molecules: (A) Cybb, (B) Atp6vOd2, (C) Timp1, as well as the mRNA expression of antigen presentation molecules: (D) Cd74, (E) H2-Aa, 
and (F) Mpeg1, assessed in EAE untreated mice, Herceptin prophylactically treated mice, and Herceptin therapeutically treated mice at HCS. Bluecolumns show the values in 
normal mice. P values indicate the significance of treated groups compared to EAE untreated mice. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. The results are 
represented as mean ± SEM (n=3). 
Abbreviation: NS, not significant.
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both treated groups, indicating a better health status of 
these mice. Furthermore, immunohistochemical staining 
revealed that both prophylactic and therapeutic treatment 
regimens of Herceptin decreased EAE inflammatory fea
tures which include perivascular inflammation, infiltration 
of CD3+ cells, and reversal of de-myelination, although 
the prophylactic regimen was more robust in reducing the 
signs of inflammation. Therefore, Herceptin possesses the 
ability to ameliorate EAE disease.

In addition, the in silico analysis revealed several genes 
to be differentially expressed in EAE during HCS, which 
were classified into 5 different classes. Inflammatory med
iators are defined as soluble secreted diffusible particles 
that are stimulated at sites of damaged tissues and injury 
and can act at distant sites to manage inflammation.35 

Among these is the C3, which was found to be increased 

in EAE untreated mice and is reduced upon Herceptin 
prophylactic or therapeutic administration. Several studies 
have previously reported that glial cells and neurons pro
duce complement proteins inside the CNS at a higher 
extent during inflammation.36–38 Furthermore, the immu
nopathology of MS indicates precipitation of C3 in the 
brains of MS patients,39 which could be an essential factor 
in the EAE development.40–43 Another crucial inflamma
tory mediator is the serum amyloid A3 “Saa3”, an isoform 
of Saa that was found to be significantly elevated in 
untreated EAE at HCS. This supports a study showing 
that Saa levels are expanded within the peripheral blood 
of patients with RRMS, indicating an inflammatory state.44 

Furthermore, Saa knockout mice show resistance to EAE 
induction,45 exhibiting the critical role of Saa in EAE. To 
this end, it should be stressed that Saa supports cell 

Figure 7 Messenger RNA of immune-modulatory receptors in EAE untreated and Herceptin treated mice. Messenger RNA expressions of (A) Clec7a, (B) Lilrb4a, (C) 
Ms4a4a, (D) C3ar1, (E) Lilr4b, and (F) Ms4a6c were measured in EAE untreated mice, Herceptin prophylactically treated mice, and Herceptin therapeutically treated mice at 
HCS. Blue columns show the values in normal mice. P values indicate the significance of treated groups compared to EAE untreated mice. *P<0.05, **P<0.01, ***P<0.001. 
The results are represented as mean ± SEM (n=3). 
Abbreviation: NS, not significant.
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migration, cell growth, and angiogenesis, which are hall
marks of chronic inflammation.46 Therefore, it was of 
interest that Herceptin significantly reduced Saa3 levels 
at HCS when used as a prophylactic or therapeutic drug. 
We can conclude that Saa3 may be a potential biomarker 
for EAE/MS diagnosis as well as a prognostic marker for 
therapeutic efficacy as well as a target for anti-Saa therapy.

Our data revealed Serpin “serine protease” inhibitor 
family A member 3 “Serpina3n” is also increased in 
EAE untreated mice and is reduced upon Herceptin treat
ment, particularly at the heightened disease stage. Our 
findings match those reported earlier where Serpina3n 
level was significantly increased within the spinal cord 
and brains of EAE mice and diminished over time.47 It 
was also suggested that it might play a role in the neuro
degenerative process within the CNS during EAE or MS.47 

However, the role of Serpina3n in EAE or MS remains 
controversial, as other reports stated that Serpina3n did not 
interfere with the infiltration of immune cells into the CNS 
and could even decrease axonal damage.48

Stressed oligodendrocytes were known to produce 
small heat-shock protein αB-crystallin “Hspb5” which 
has a possible link to the progression of MS lesions.49 

Similarly, MS lesions were found to have a high expres
sion of heat shock protein β-1 “Hspb1”,50 supporting our 
data where Hspb1 level was elevated in untreated EAE 
mice at HCS. In our hands, Herceptin reduced the mRNA 
level of Hspb1 when used as a prophylactic or therapeutic 
drug.

Chemokines and their receptors have numerous func
tions in regulating the immune system, whether in physio
logical or pathological conditions such as MS.51–55 CCL3, 
is involved in the pathophysiology of MS,55–57 and is 
expressed within the CNS of EAE mice.58 We confirmed 
these findings and observed that Ccl3 mRNA was 
increased in untreated EAE mice. Studies also reported 
that treatment with anti-Ccl3 antibodies hindered EAE 
onset and decreased the aggregation of mononuclear cells 
within the CNS.59 In our hands, Herceptin therapy reduced 
Ccl3 mRNA levels in the treated groups when used pro
phylactically or therapeutically, which could explain the 
observed reduction of inflammation. Another macrophage- 
associated chemokine is CCL6, which is released by 
microglia and macrophages and acts in an autocrine fash
ion as a strong chemoattractant for macrophages,60 

monocytes,55,61 and T cells.55 However, to the best of 
our knowledge, no previous data regarding Ccl6 was 
reported in EAE. Ccl6 mRNA was found to be upregulated 

in the brains of untreated mice in HCS and was reduced by 
the administration of Herceptin used in either prophylactic 
or therapeutic treatment regimen.

Several immuno-regulatory signaling molecules are 
required for the function of the immune system.62 

Among these molecules is the cytochrome b-245, beta 
chain “Cybb”. Our results show that Cybb was upregu
lated in the brains of untreated EAE mice at HCS and was 
reduced upon treatment with Herceptin. These observa
tions agree with a study reporting a significant upregula
tion of Cybb in CD4+ T cells in relapsing-remitting MS 
patients.63 Metalloproteinases “MMPs” and their inhibi
tors also play a crucial role in the pathology of many 
diseases including MS and EAE,64–66 as excessive MMP 
activity was recognized to be associated with the disease 
severity.66,67 Moreover, another study reported that MMP 
inhibitors such as Timp1 halted the blood brain barrier 
disturbance and progression of the clinical condition.68,69 

Timp1 deficient mice have more leukocyte penetration and 
spinal cord demyelination.70 However, high levels of 
Timp1 were found to surround lesions in EAE, which 
supports our findings where Timp1 was increased, 
although not statistically significant in EAE mice treated 
with Herceptin.65

Antigen presentation is a key process involving multi
ple arms of the immune system, where any imbalance 
could lead to autoimmunity. Histocompatibility antigens 
in mice such as Cd74 and H2-Aa contribute to antigen 
presentation. In this study, Cd74 mRNA level was found 
to be upregulated in EAE untreated mice at HCS, with a 
further increase in its expression upon Herceptin treatment 
whether used as a prophylactic or therapeutic drug. This 
contradicts a previous study where CD74 was downregu
lated in blood B cells of early MS patients. However, this 
discrepancy could be due to the different tissues investi
gated, sites, or cell types.71 Likewise, H2-Aa was found to 
be significantly upregulated in EAE mice when the clinical 
score was measured at heightened disease. These findings 
highlight the potential role of H2-Aa in antigen presenta
tion in EAE mice and possibly in MS patients as suggested 
previously by Falcão et al.72 Upon Herceptin administra
tion as a prophylactic or therapeutic drug, there was a 
down-regulation in H2-Aa expression, supporting the find
ings that Herceptin reduced inflammation at sites of 
damage in EAE. Another mouse antigen-presenting mole
cule, macrophage-expressed gene 1 “Mpeg1”, was not 
previously investigated in EAE. Like the other antigen 
presentation markers, it was also significantly upregulated 
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in EAE mice at HCS but reduced upon Herceptin prophy
lactic or therapeutic treatment regimen. Mpeg1 is the gene 
coding for pore-forming protein “perforin-2” whose exces
sive accumulation can lead to high inflammation and 
autoimmunity.73 Our results showing that Herceptin 
reduced the mRNA level of this molecule upon treating 
EAE mice confirm and support the findings that Herceptin 
is a novel anti-inflammatory drug.

Immuno-modulatory receptors mediate signaling path
ways that allow immune and non-immune cells to function 
properly. For instance, Dectin-1 “Clec7a” which is 
expressed on myeloid and natural killer cells, was found 
to play a role in EAE as Dectin-1 deficient mice had 
severe EAE due to expansion of Th17 within the draining 
lymph nodes, as well as a reduction in regulatory T cells.74 

Our findings indicate that Clec7a mRNA was upregulated 
in EAE mice at HCS. Further work is needed to better 
understand the role of Clec7a in EAE pathogenesis. The 
complement component 3a receptor 1 “C3ar1” was pre
viously observed in regions of inflammation in MS and 
bacterial meningitis, indicating its role in autoimmunity 
and inflammation.75 Indeed, C3ar1 is upregulated in EAE 

untreated mice at the HCS stage, and its expression was 
restored back to normal upon prophylactic and therapeutic 
Herceptin treatment at heightened disease stage.

The leukocyte immunoglobulin-like receptors that 
include leukocyte immunoglobulin-like receptor, subfamily 
B, member 4A “Lilrb4a” and member 4 “Lilr4b”, which are 
expressed on monocytes, B cells, dendritic cells, and natural 
killer cells,76 were also examined in this study. In EAE 
untreated mice, we found both genes to be upregulated at 
HCS, indicating a possible increase in the infiltration of 
such immune cells at inflamed sites in the brains of EAE 
mice. Recently, members of the membrane-spanning 4 
domains have been associated with autoimmune diseases. 
For instance, the subfamily A member 4A “Ms4a4a” and 
member 6c “Ms4a6c” are significantly upregulated in EAE 
mice at HCS, where Ms4a6c mRNA levels decreased upon 
Herceptin prophylactic and therapeutic treatment regimens. 
Ms4a4a gene was recently associated with another autoim
mune disease, rheumatoid arthritis, highlighting its potential 
role as a biomarker in various autoimmune diseases.77 

Noticeable, Ms4a6c gene was previously reported to associ
ate with demyelinating injury in mice.78

Table 2 Messenger RNA Expression Pattern of All Detected Genes in EAE Compared to Normal Mice, as Well as Gene Expression 
Upon Herceptin Treatment When Used Prophylactically or Therapeutically in Comparison to Untreated EAE Mice at the High Clinical 
Score (HCS)

Gene Expression in EAE 
Compared to Normal 

Mice

Effect of Herceptin When Used 
Prophylactically Compared to Untreated 

EAE Mice

Effect of Herceptin When Used 
Therapeutically Compared to Untreated 

EAE Mice

HER2 ↑ ↓ ↓
Atp6v0d2 ↑ ↓ ↓
C3 ↑ ↓ ↓
C3ar1 ↑ ↓ ↓
Ccl3 ↑ ↓ ↓
Ccl6 ↑ ↓ ↓
Cd74 ↑ ↑ ↑
Clec7a ↑ ↑ ↑
Cybb ↑ ↓ ↓
H2-Aa ↑ ↓ ↓
Hspb1 ↑ ↓ ↓
Lilr4b ↑ ↓ ↓
Lilrb4a ↑ ↓ ↓
Mpeg1 ↑ ↓ ↓
Ms4a4a ↑ NS NS
Ms4a6c ↑ ↓ ↓
Saa3 ↑ ↓ ↓
Serpina3n ↑ ↓ ↓
Timp1 ↑ NS NS

Notes: ↓=Down-regulated, ↑= Up-regulated. 
Abbreviation: NS, not significant.
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In conclusion, this is the first study that examines the 
efficacy of Herceptin/Trastuzumab in treating EAE mice. It 
seems that HER2 might be involved in the pathogenesis of 
EAE disease. Further, we have dissected the expression of 
mRNA for various genes that are upregulated or downregu
lated during heightened EAE disease, designated here as high 
clinical score, which could resemble the relapse stage of the 
disease. We also examined the effects of Herceptin on the 
expression of DEGs at mRNA level in EAE mice (summar
ized in Table 2). Several genes were reported to be affected at 
the sites of inflammation, ie, brains of EAE mice, including 
inflammatory mediators, chemokines, immuno-regulatory 
signaling molecules, antigen presentation, and immune-mod
ulatory receptors. We hypothesize that Herceptin might bind 
to HER2 via its variable Fab region while the Fc portion 
would stimulate natural killer cells to perform their cytolytic 
activity on the pathogenic HER2+ cells through ADCC. 
Future studies should deeply investigate the possible 
mechanism of action of Herceptin in ameliorating EAE clin
ical symptoms. These novel findings could form the basis for 
using these genes as potential molecular diagnostic or prog
nostic biomarkers, which can also be utilized to assess the 
efficacy of a particular treatment in EAE or MS disease.
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