
 
International Journal of Medical Laboratory 2021;8(3):168-179. 

 

 

 

Review Article 

*Corresponding Author: Stem Cell Technology Research Center, Tehran, Iran. Fax: +982122341460,  

Tel: +982122082120, P.O. Box: 1997775555, Email: rad@strc.com 

Neuroinflammatory State of Multiple Sclerosis and 

Strategies for Biotherapeutics Development 
 

Samira Soltanmoradi M.Sc., Fatemeh Kouhkan Ph.D., Iman Rad * Ph.D. 
 
Stem Cell Technology Research Center, Tehran, Iran 

 A B S T R A C T 

Article history 
Received: 14 Dec 2020 

Accepted: 5 Apr 2021 

Available online: 25 Sep 2021  

Keywords 
Autoimmune disease 

Central nervous system 

Demyelination 

Immune cells 

Multiple sclerosis 

 

Multiple Sclerosis (MS) is the most prevalent neurological disability in young 

adults. The pathogenesis of MS is characterized by demyelination and 

neurodegeneration in the central nervous system (CNS) as the ruinous result of 

chronic activation of the immune system. All clinical forms of MS, including 

relapsing-remitting multiple sclerosis (RRMS), secondary progressive multiple 

sclerosis (SPMS), and the primary progressive MS (PPMS), demonstrate 

inflammation as a common symptom. In various autoimmune diseases like MS, 

the ability of the immune system to set a balance between pro-inflammatory and 

anti-inflammatory responses is lost. In this review, the imbalance between pro-

inflammatory and anti-inflammatory responses of immune cells and their role in 

MS progression is discussed. Disturbing the balance of Th1/Th2 and Th17/Treg 

cells and M1/M2 phenotypes of macrophages and microglial plays a key role in 

the development and progression of MS. In this review, we first depict an outline 

of regulatory immune cells involved in inflammation. Second, we discuss shreds 

of evidence that confirm how B cells play both pathogenic and protective roles 

in MS disease. Third, we point out the pros and cons of B cell/T cell-targeted 

therapies in clinical trials. 
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Introduction 

Multiple Sclerosis (MS) is pathologically 

characterized by immune-mediated inflammation, 

demyelination, and axonal damage in the central 

nervous system (CNS) [1]. Based on the revised 

version of classification of the MS clinical 

courses, two main forms of the disease are 

considered: the relapsing-remitting MS (CIS: 

clinically isolated syndrome and RRMS: 

relapsing-remitting patients) and the progressive 

MS (PPMS: primary-progressive course patients 

and SPMS: secondary-progressive) [2]. In 85% of 

the patients, disease onset is characterized by a 

first acute clinical episode CIS, including optic 

neuritis, paresthesia, paresis, and fatigue [3], 

evolving into an RRMS course, and after a delay 

varying between 15 and 20 years, into an SPMS 

course, results in long-term disability. The 

remaining 15% of MS patients start with the 

PPMS [4, 5]. In MS disease, the ability of the 

immune system to set a balance between pro-

inflammatory and anti-inflammatory responses is 

lost. Thus, it appears that an imbalance in 

Th1/Th2 and Th17/Treg cells and M1/M2 

phenotypes of macrophages and microglial 

results in the progression of MS. In the following 

sections, we try to depict a comprehensive map of 

regulatory immune cells in inflammation. Then, 

we will discuss how the depicted map can address 

the challenges of biotherapeutics developments in 

MS disease.  

Intervention of common lymphoid 

progenitor (CLP) cells' lineage in the 

immunopathogenesis of multiple sclerosis 

Thelper (Th)1/Th2 differentiation imbalance 

and MS 

Th1 cells produce neurotoxic interferon γ (IFN-γ) 

and tumor necrosis factor α (TNF-α) pro-

inflammatory cytokines [6, 7]. Besides, brain-

infiltrating Th1 cells can induce the differentiation 

and expansion of major histocompatibility 

complex II+ (MHCII+) microglia, probably by 

secretion of IFN-γ. MHCII+ microglia have 

considerable phagocytic and antigen presentation 

capacity than those of MHCII-microglia and are 

required to reactivate infiltrated Th cells [8]. The 

Th1 cells also produce high Fas ligand (FasL) 

levels that bind to Fas receptors, which are 

expressed on oligodendrocytes and neurons. 

Interaction of Fas-FasL induces apoptosis in cells 

leads to impaired myelin synthesis and neuronal 

damage [9]. Interleukin (IL)-12 and IFN-γ 

cooperatively trigger the expression of the master 

regulator of Th1 cells, T-bet, which in turn 

augments Th1 polarization by inducing additional 

IFN-γ and T-bet expression. Interference of IFN-

γ in naïve T cell differentiation disturbs Th1/Th2 

differentiation balance. Shifting the Th1/Th2 

balance towards Th1 cells plays a key role in MS 

pathogenesis [10]. Conversely, Th2 cells produce 

a subset of anti-inflammatory cytokines, 

including IL-4, IL-5, IL-10, and IL-13, that could 

have beneficial effects on the clinical course of 

MS disease [11] (Figure 1).  

Th17/Treg differentiation imbalance and MS 

The Th17 cells are frequent in the initial phases of 

MS and experimental autoimmune 

encephalomyelitis (EAE). In addition, human 

Th17 cells produce CCR6 chemokine receptors 

supporting their increased migratory capacity in 

MS patients [12]. So, Th17 cells produce pro-
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inflammatory cytokines such as IL-17, IL-21, and 

IL-22 [13]. Moreover, the expansion of IL-17 

producing Th17 cells has been correlated with the 

number of active plaques detected by magnetic 

resonance imaging. It implicates that the IL-17 

production is tightly correlated with the MS 

progression [13-15]. Interaction of IL-17 with its 

corresponding receptors on various cell surfaces, 

such as T and B lymphocytes, mononuclear cell 

systems, and endothelial cells, triggers activation 

of nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB) [16-18] (Figure 2). 

Activated NF-κB stimulates pro-inflammatory 

cytokines such as IL-6, IL-8, TNF-α, and 

Granulocyte macrophage-colony stimulating 

factor (GM-CSF), chemokines like CCL20, 

CXCL1, and CXCL5 as matrix 

metalloproteinases (MMPs) [19, 20]. The Th17 

cells also trigger apoptosis in neurons via Fas: 

FasL interaction [9, 13]. The transforming growth 

factor β (TGF-β) (at low concentration) in 

combination with IL-6, IL-1β, IL-23, or IL-21 

induces the expression of RORγt, which is critical 

for the differentiation of Th17 [21, 22]. 

Macrophages and dendritic cells are the main 

sources of IL-6 and IL-23 cytokines [21, 23] 

(Figure 1). The impaired balance between the 

Th17 and Treg cells is correlated with the severity 

of MS symptoms [24]. The CD4+CD25+FoxP3+ 

regulatory T cells (Tregs), described as 

autoimmune response suppressors, finely tune the 

peripheral self-tolerance. They preserve 

homeostasis through the secretion of TGF-β and 

IL-10 [25]. In MS patients, expression levels of 

FoxP3 (mRNA and protein) are diminished while 

the suppressive function of Tregs is 

simultaneously impaired [26, 27]. Moreover, 

TGF-β reduces the production of inducible nitric 

oxide synthase (iNOS), which catalyzes nitric 

oxide production in macrophages and microglia 

[26, 28]. Moreover, High pathogenic Th1-like 

Th17 cells expressing both T-bet and RORγt are 

derived from Th17 cells in the presence of IL-12, 

TNF-α, and IL-1β. These cells produce lower 

amounts of IL-17A compared to classical Th17 

cells but express high levels of IFN-γ. On the 

other hand, myelin-specific Th1-like Th17 cells 

have been identified in MS patients and EAE [29].   

CD8+ T cells and MS 

The CD8+ T cells, or cytotoxic T cells, are the 

most frequent T cell subsets in acute and chronic 

MS lesions [6, 26, 30]. The CD8+, not CD4+ T 

cells express high levels of P-selectin adhesion 

ligands, favoring their high capacity to be 

recruited at inflamed brain venules during the 

relapse phase in RRMS patients [31]. The CD8+ 

T lymphocytes recognize myelin peptides, 

presented by MHC Ι molecules, which express at 

high levels on neurons and oligodendrocytes in 

the CNS of the MS patients [6, 19]. The CD8+ T 

cells directly damage resident CNS cells, which 

have presented myelin-specific peptides by 

secreting cytolytic components (perforin and 

granzymes) [6, 19]. The CD8+ T cells also 

enhance CNS inflammation by the production of 

IFN-γ, TNF-α, and  IL-17 cytokines [26, 32] 

(Figure 1 & 2). 

In this regard, as demonstrated in figure 1, over-

activation of Th1, Th17, and CD8+ T cells, is in 

favor of neuroinflammatory responses. 
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Fig. 1. The imbalance between inflammatory and anti-inflammatory immune cells and their responses 

The involved cells are HSC: Hematopoietic stem cell, CMP: common myeloid progenitor, CLP: common 

lymphoid progenitor, CD4+ T cell: Activated T cell with CD4 on the surface, CD8 + T cell: Activated T 

cell with CD8 on the surface, DC: Dendritic cell, M0: non-activated Macrophage, M1/2: Activated 

Macrophage type I or II and (Th) T helper cell 1/2/17 and regulatory. The abbreviated protein names 

(represented by green rectangular) stand for; Cluster of differentiation (CD) 4 and 8, IF-γ: Interferon γ, 

TNF-α: Tumor necrosis factor-alpha, Interleukin (IL) types 2, 4, 5, 6, 10, 12, 13, 17 and 23, TGF-β: 

Transforming growth factor-beta, IRF4/5: Interferon regulatory factor4/5, STATs: Signal transducer and 

activator of transcription factors from either type of 3/4/5/6, GATA3: transcription factor that is encoded 

by the GATA3 gene, T-bet: A member of the T-box family of transcription factors, FoxP3: Forkhead box 

P3 or scurfin, RORγt: Retinoic acid receptor-related-orphan-receptor-C. The abbreviated molecular 

names stand for; ROS: Reactive oxygen species and NO: Nitric oxide. 
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Fig. 2. Immunopathogenic mechanisms in MS 

The involved cells are CD4 + T cell: Activated T cell with CD4 on the surface, CD8 + T cell: Activated T cell with 

CD8 on the surface, DC: Dendritic cell, M1: Activated Macrophage/Microglia type I, MAIT: Mucosal-associated 

invariant T, Th1: T helper cell 1, Th17: T helper cell 17 and γδ T cells. The abbreviated protein names (represented 

by green rectangular) stand for; Cluster of differentiation (CD) 4 and, 40, MHCII: Major histocompatibility 

complex II, TCR: T cell receptor, IF-γ: Interferon γ, TNF-α: Tumor necrosis factor-alpha, IL-17: Interleukin 17, 

MBP: Myelin basic protein, MMP: Matrixmetalloproteinas, MPO: Myeloperoxidase, NE: Neutrophil elastase. The 

abbreviated molecular names stand for; ROS: Reactive oxygen species and NO: Nitric oxide. 

 

Natural killer T cells (NKT) and MS 

Natural killer T cells share both T cells and NK 

cells properties that bridge innate and adaptive 

immunity. They express T cell receptors (TCR) 

and NK cell markers such as CD161 and CD94. 

NKT cells have been divided into two 

subpopulations, type I, invariant NKT (iNKT) 

cells, and type II, variant NKT (vNKT) cells, 

which their TCR recognizes glycolipids presented 

in complex with the CD1d, which is an MHC 
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class I-like molecule expressed by antigen-

presenting cells (APCs). NKT cells have various 

inflammatory and protective roles in MS owing to 

their cytokine production pattern.  Activated NKT 

cells secrete significant amounts of cytokines 

such as IL-4, IL-10, IFN-γ, and IL-17. In a 

previous study, NKT cells produced IL-4 

following attachment to α-galactosylceramide (α-

GalCer)-CD1d complex, thus ameliorating EAE 

severity [33, 34]. 

γδ T cells and MS 

The γδ T cells are a small subset of T lymphocytes 

in peripheral blood, which bridge the innate and 

adaptive immune systems and NKT cells. These 

cells express a distinct TCR heterodimer 

composed of γ and δ chains on their surface and 

respond to inflammation/infection by producing 

inflammatory cytokines [35]. Previous findings 

represent various roles for γδ T cells in EAE mice 

[36]. Moreover, alleviation of disease symptoms 

following depletion of γδ T cells in the EAE 

model, as well as, increment of IFN-γ producing 

γδ T cells in the relapse phase of RRMS patients, 

suggests that these cells play a critical role in the 

MS pathogenesis [37, 38]. 

Mucosal-associated invariant T Cells (MAIT) 

and MS 

MAIT cells are a subset of innate-like 

lymphocytes and makeup to 10% of circulating T 

cells in adult humans. MAIT cells display a semi-

invariant αβ TCR which recognizes microbial 

antigens presented on a non-polymorphic class 

Ib-related MHC molecule (MR1). Recently, it is 

reported that in MS patients, particularly during 

exacerbation of clinical manifestations, MAIT 

cells overexpress chemokine receptors such as 

CCR5, CCR6, CXCR6, and the integrin very late 

antigen-4 (VLA-4). In addition, the IL-17 and 

IFN-γ producing MAIT cells overpopulate in 

cerebrospinal fluid (CSF) of RRMS patients 

compared to their peripheral blood. These results 

point out the migration of MAIT cells into the 

CNS, with deleterious  outcomes in  MS patients  

[39, 40]. 

B cells and MS 

B cells play important roles in the suppression and 

progression of MS development [41]. The 

involvement of B cells in MS pathogenesis was 

first identified by detecting oligoclonal bands 

(OCB) in the CSF of MS patients, which resulted 

from the elevated secretion of autoantibodies 

(immunoglobulin (Ig)G and IgM). OCBs (IgG 

and IgM) are detectable in 90% and 30-40% of 

MS patients, respectively, and are important 

biomarkers for MS progression. These 

autoantibodies bind to myelin fragments, which 

facilitates myelin and phagocyte interaction and 

results in  complement-mediated  demyelination.  

B cells also act through antibody-independent 

mechanisms in the pathogenesis of MS. Likewise, 

B cells can act as APCs and activate effector T 

cells by presenting myelin antigens (e.g., myelin 

oligodendrocyte glycoprotein (MOG) and myelin 

basic protein (MBP)) to them. Many studies have 

reported an imbalance between pro- and anti-

inflammatory cytokines (secreted by B cells) in 

MS patients. B cells secret high levels of IL-6, 

TNF-α, lymphotoxin alpha, and GM-CSF, as well 

as anti-inflammatory cytokines (e.g., IL-10, IL-

35, and TGF-β) that comes up with pernicious and 

protective effects in different stages of the disease 

[42, 43]. On the other hand, B cells also prevent 

neurodegeneration and axonal loss via producing 

brain-derived neurotrophic factor [44]. 
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Intervention of common myeloid 

progenitor (CMP) cells' lineage in the 

immunopathogenesis of MS 

T cells' secretion of chemokines, cytokines, 

MMPs, glutamate, and reactive oxygen species 

(ROS) facilitates their extravasation. This 

secretory response of T cells triggers an 

inflammatory cascade in the CNS, which then 

recruits other immune cells, including 

macrophages, B cells, and neutrophils. The active 

cascade persistently activates microglial and 

eventually results in demyelination, destruction of 

neurons axonal projections, and formation of 

sclerotic plaques in the white and gray matter [6, 

26, 45-47]. 

DCs and MS 

As professional APCs, DCs express high levels of 

MHC Ι/ΙΙ, as well as B7-1/CD80 and B7-2/CD86 

co-stimulatory molecules [48]. In MS patients, 

DCs are profoundly resided in inflamed lesions 

and produce elevated levels of TNF-α, IFN-γ, IL-

6, IL-12, and glutamate [26, 46] (Figure 1).  

Neutrophils and MS 

In MS patients, an increased number of 

circulating neutrophils is observed. The CXCR2, 

the main receptor of neutrophil-attracting 

chemokines CXCL1 and CXCL5, facilitates 

neutrophils migration and infiltration into the 

CNS. Likewise, the severity of MS disease attacks 

is tightly correlated to the overexpression of 

CXCL1/5 that justifies the role of neutrophils in 

CNS damage and the pathogenesis of MS [49]. 

Neutrophils undergo a process named NETosis. 

Through this process, neutrophils form web-like 

structures, known as neutrophils extracellular 

traps (NETs), composed of decondensed 

chromatin and a wide range of granular enzymes. 

The formation of NETs can be induced by 

infectious agents and immune complexes, 

cytokines, and chemokines (IL-8, TNF) [50]. 

Previous studies have been pointed to the 

significant roles of NETs in MS pathogenesis 

[51]. NETs contain factors such as 

myeloperoxidase (MPO) and neutrophil elastase 

that were increased in the plasma of patients with 

MS and correlated with MS lesion burden [49]. 

Imbalance of M1/M2 macrophages and 

microglial cells and their correlation to MS 

Macrophages are divided into classically 

activated M1 or alternatively activated M2, 

depending on their pro-inflammatory or anti-

inflammatory cytokine expression profile. These 

are two major phenotypes of macrophages that 

are frequently found in active and chronic MS 

plaques. The M1 macrophage reactivates 

peripheral and infiltrated T cells via antigen 

presentation. These cells also augment Th1 and 

Th17 responses via the secretion of pro-

inflammatory cytokines IL-12, IL-23, IL-6, IL-

1β, and TNF-α. Besides, M1 macrophages 

produce toxic mediators such as iNOS, NO, 

ROS, and glutamate and induce "oxidative 

stress," resulting in oligodendrocyte 

impairment, myelin degeneration, and 

ultimately neuronal loss [30, 46].  

Microglial, as well as macrophages, are 

categorized into pro-inflammatory M1 and anti-

inflammatory M2 phenotypes. Microglial are 

involved with phagocytosis of myelin debris and 

promoting the oligodendrocyte progenitor cells 

proliferation, which both are necessary for 

initiation of remyelination. Both of these 

processes are required for the alleviation of 
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disease symptoms. Microglial also produces 

iNOS and activated radicals (NO, ROS), 

promoting oxidative damage of myelin sheath and 

neurons [52, 53]. Down-regulation of PU.1, as the 

master transcription regulator for myeloid cell 

lineage development, results in the suppression of 

macrophage and microglial differentiation [54, 

55]. Recent studies show that interferon-

regulatory factor 5/4 (IRF5/4) mediates activated 

M1/M2 phenotype polarization in macrophages 

and microglial. Indeed, the IRF5/4 regulatory axis 

plays a crucial role in balancing M1/M2 states in 

macrophages and microglial. Under 

inflammatory conditions, the aberrant expression 

of IRF5/4 leads to disturbance of M1/M2 balance 

[56-58] (Figure 1).  

Biotherapeutic development in MS disease 

Biotherapeutics approved by the Food and Drug 

Administration (FDA) or studied in clinical trials 

target RRMS (RMS) or PPMS patients. Therapies 

that target RMS focus on immunomodulation, 

while PPMS targeted therapies mainly deal with 

neurodegenerative components [59-63].  

Of biotherapeutics that tested against RMS, 

Atacicep, Alemtuzumab, and Natalizumab 

targeted BAFF/APRIL (B cell activating factor/A 

proliferation-inducing ligand), CD52 (cluster of 

differentiation 52; glycoprotein antigen on the 

surface of mature lymphocyte), and integrins 

(transmembrane receptors that are involved in 

extracellular matrix adhesion), respectively, while 

Ofatumumab and Ocrelizumab targeted CD20 (B 

lymphocyte antigen CD20). The ocrelizumab is 

an FDA-approved biotherapeutic that is tested for 

PPMS as well. The contribution of B cells, which 

provides secretion of pro-inflammatory 

cytokines, facilitates the effective impact of 

ocrelizumab on both RMS and PPMS patients. 

All biotherapeutics that were tested against RMS 

or PPMS were different types of IgGs. The 

HLADRB1 locus and other genetic loci (e.g., IL-

2 and CD25) are closely correlated to immunity's 

importance in MS [59]. Immunomodulation in 

RMS patients resulted in rather successful clinical 

benefits than PPMS. This finding points out the 

fact that "there might be immune contributions in 

PPMS patients that are neglected in targeted 

therapy of MS” [64]. Our survey shows that the 

imbalance between pathogenic and protective 

impacts of B cells in MS disease [30] is less 

complicated than what happens between M1/M2, 

Th2/Th1, and Treg/Th17 cells. It might explain 

why B cells that targeted therapies (via IgG 

mAbs) are more frequently used in the design of 

clinical trials. However, other therapies targeting 

either macrophage or T cell-secreted molecules 

suffer discordance between IL-12/23- and IL-17-

targeted therapies [65]. To deal with this 

challenge, one can think of two strategies. First, 

focus on lymphocyte extravasation from the 

blood into the CNS. Second, T cell-targeted 

therapies directly target T cell-secreted 

interleukins. It seems that targeting T cells that 

express α4β1 in MS (first strategy) is rather 

promising than the second strategy, both as a 

matter of efficiency and further possible side 

effects. The Natalizumab is a successful example 

of such a case that works as an α4 blocking 

monoclonal antibody, approved for treating 

patients with RMS [66].  

Conclusion 

In autoimmune diseases like MS, the ability of the 

immune system to set a balance between pro-
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inflammatory and anti-inflammatory responses is 

lost. As progenitor cell lineages originating from 

a hematopoietic stem cell, both CLP and CMP 

descendants are involved in immune-

pathogenesis of MS (Figure 1). CLP descendants 

develop into various T and B cells (e.g., Th1, Th2, 

Th17, Treg, NKT, γδ T, and MAIT), while CMP 

descendants develop neutrophils, dendritic cells, 

macrophages, and microglial cells. The CD8+ T 

cells (i.e., cytotoxic T cells) facilitate 

inflammation in CNS of RRMS patients, as well 

as γδ T and MAIT cells, while B cells are found 

in MS lesions of either RRMS or PPMS patients.  

In other words, the imbalance between T cells 

(Th1/Th2, Th17/Treg T cells) comes up with 

secretion of chemokines, and cytokines, which is 

a trigger for the start of an inflammatory cascade 

in the CNS, which then recruits other immune 

cells including macrophages, B cells, and 

neutrophils. That is how macrophages and B cells, 

as downstream cells of the inflammatory cascade, 

can play both pathogenic and protective roles in 

MS disease.  

As mentioned earlier, the imbalance between 

pathogenic and protective impacts of B cells in 

MS progression is less complicated than what 

happens between T cells and macrophages 

(M1/M2). It explains why most biotherapeutics 

that have been tested against RMS or PPMS 

patients in clinical trials are different types of IgG 

mAbs. The B cell-targeted therapies (via IgG 

mAbs) have been frequently used in clinical trials, 

which are more efficient than T-cell-targeted 

therapies while leaving the least possible side 

effects. However, targeting T cells in RMS/PPMS 

patients is more limited, and T cell lymphocyte 

extravasation from the blood into the CNS is 

known as the only promising strategy.    
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