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ABSTRACT: With the rise of precise cellular and immunotherapies for autoimmune diseases, multiple sclerosis presents
a challenge for researchers due to its complexity, which includes multiple pathogens and the difficulty of detecting specific
autoantibodies for this condition. As a result, current treatments rely on suppressive immunity, leading to a weakened immune
system in patients, which increases the risk of infections and reduces anti-tumor immunity. In this review, we will focus on the role
of B cells and autoantibodies in multiple sclerosis. We will discuss the efficacy of Chimeric Autoantigen T' Cell Receptor Therapy
in anti phospholipid syndrome, and suggest following the same approach to treat MS. We will discuss methodologies to identify
the patient’s specific auto-antigens to incorporate them into T cell receptors using CRISPR, and explore the potential therapeutic
benefits as well as the associated side effects for CART Cell and CATCR therapies. Finally, we will highlight two in progress and

approved immunotherapies for multiple sclerosis.
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B Introduction

Multiple Sclerosis (MS) is a chronic, inflammatory autoim-
mune disease that affects the central nervous system (CNS).
It occurs when the body’s immune system mistakenly attacks
the myelin sheaths that cover the nerves, leading to symptoms
ranging from vision loss to muscle weakness and loss of sensa-
tion." The medical term "multiple sclerosis" derives from the
scars (or lesions) that appear in MRI scans of the brain and spi-
nal cord. The etiology of the disease remains unknown, but it is
believed to be influenced by environmental and genetic factors.
Environmental factors include low vitamin D levels, reduced
UV radiation exposure, smoking, and obesity.”> Approximately
2.8 million people are affected by MS, and the disease typically
occurs in young adults, usually females, between the ages of 20
and 40.%

MS is classified into types according to the progression of
symptoms: Relapsing-Remitting MS, which is characterized
by periods of exacerbation followed by long periods of remis-
sion; Secondary Progressive MS, which usually occurs after
the relapsing-remitting form and is characterized by a steady
progression of symptoms without clear relapses; and Primary
Progressive MS, which is similar to Secondary Progressive MS
but does not follow a relapsing-remitting phase.*

Under normal physiological conditions, our immune system
consists of innate (general) immunity and adaptive (special-
ized) immunity. Innate immunity is the immunity we are born
with and serves as the first line of defense. It includes compo-
nents such as natural killer cells, which recognize and destroy
infected cells, and phagocytes, which engulf and digest patho-
gens. The adaptive immune system includes T cells, B cells,
and antibodies. T cells are produced in the bone marrow, travel
through the bloodstream, and mature in the thymus (the “T”
stands for “thymus”). There are two main types of T cells: T

helper cells (also called CD4+ cells due to the presence of a
CD4 co-receptor on their membranes) and cytotoxic T cells
(also known as CD8+ cells because they have a CD8 co-recep-
tor on their membranes). CD4+ T cells release proteins that
serve as chemical messengers called cytokines, which regulate
inflammation and immune responses, while CD8+ T cells rec-
ognize and kill infected cells. Some helper T cells differentiate
into memory T cells, which remember past pathogens when
they re-enter the body. B cells are produced and mature in the
bone marrow (the “B” stands for “bone marrow”). Similar to
T cells, there are two types of B cells: plasma cells and memo-
ry B cells. Plasma cells are responsible for producing proteins
known as antibodies (or immunoglobulins). These antibodies
can recognize and bind to specific substances on the surface
of foreign cells, known as antigens, triggering immune cells
to respond to these pathogens. Each antibody is specific to its
corresponding antigen, functioning like a key in a lock.™®

Various environmental or genetic factors may misdirect the
immune system, leading it to attack self-antigens. MS has tra-
ditionally been viewed as a T-cell-mediated disease, triggered
by the activation of pathogenic Th17 and Th1 cells, as well as
CD8+ autoreactive T cells. Th cells play role in recognizing
CNS antigens, producing inflammatory cytokines, and activat-
ing B cells, while CD8+ cells cause tissue damage.” However,
the notable outcomes of B cell depletion therapies in reducing
disease activity and demonstrating long-term efficacy have re-
vealed that B cells also play a central and driving role in MS
pathogenesis through antigen presentation, T cell regulation,
and producing immunoglobulins.® Despite long-term studies,
no specific targeted antigen has yet been identified.

Currently, medications for treating multiple sclerosis (IMS)
primarily focus on suppressing the immune system and often
lack specificity in targeting autoimmune cells. This broad im-
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munosuppression can increase patients' susceptibility to serious
infections and diminish their body's ability to combat cancer.
For instance, beta interferons are cytokines that reduce neuro-
nal inflammation and decrease the frequency of MS relapses;
however, they also lower the production of Th17 cells, leading
to immunosuppressive effects. Cladribine, another treatment
used for both B-cell lymphocytic leukemia and acute forms of
relapsing-remitting MS in adults, works by depleting B and T
cells to halt the immune cascade associated with MS. Similar-
ly, alemtuzumab targets CD52, a protein found on the surface
of B and T cells, resulting in their destruction and suppression
of autoimmune responses. Many other therapies operate on
this same principle of broad immunosuppression. While these
treatments can effectively halt MS symptoms, they have the
potential to suppress healthy immune function, putting pa-
tients at risk of severe infections. Therefore, there is an urgent
need to develop more effective and precise therapies for MS
that preserve the body's healthy immune response to external
pathogens.

In this review, we will explore the potential for developing
a precise therapy aimed at auto-reactive B cells in multiple
sclerosis, given their critical role in regulating T cells and the
promising outcomes associated with B cell depletion thera-
pies for relapsing forms of MS. While much of the existing
research has concentrated on T cell-targeted treatments, it is
essential to investigate strategies that specifically address B
cells—either as standalone therapies or in conjunction with
other treatments. Our goal is to not only alleviate specific
symptoms but also to halt or even reverse disease progression
while preserving healthy immune cells.

B Discussion

1.The Role of B Cells in Multiple Sclerosis

1.1.Antigen Presentation and T Cell Regulation:

During inflammation, a type of immune cell known as anti-
gen presenting cells (APCs) can detect antigens, process them,
and present them via the major histocompatibility complex
(MHC), which functions as a cell surface marker and anti-
gen-presenting molecule, to T cells to initiate the adaptive
cellular immune response.”'® B cells are highly effective APCs.
They can recognize conformational (folded) protein antigens
and process them into short, linear peptides to present via
MHC class II to antigen-specific T cells. Additionally, they
have the ability to detect even low concentrations of antigens
because of co-receptor complexes—molecules present on the
surface of the majority of B cells that control their signaling—
such as CD19, CD21, and CD81.1%12

The binding of helper T cells with MHC II on B cells
activates helper T cells, which subsequently leads to the differ-
entiation of B cells into memory cells and antibody-secreting
plasma cells. The response of T' cells is influenced by the nature
of the interaction between B and T cells. Strong interactions
lead to pro-inflammatory T cells, whereas weaker interactions
promote regulatory T cell function. The activation of ThO cells
(naive T cells), for example, requires additional signals from
co-stimulatory molecules expressed by B cells, such as CDA40,
CD80, and CD86. Furthermore, the interaction between
CD40 on B cells and CD40 ligand (CD40L) on T cells is cru

cial for the development of pro-inflammatory T cells; blocking
this interaction has been shown to halt experimental autoim-
mune encephalomyelitis (EAE), a model of MS.

It has been noted that B cells in MS patients express elevat-
ed amounts of CD40 alongside increased levels of MHC II
and CD80. Moreover, the strength of these interactions is also
modulated by the cytokine milieu produced by the APCs. In-
terleukin (IL)-6 is a cytokine secreted by B cells that enhances
the differentiation of Th17 cells while inhibiting the gener-
ation of regulatory T cells. In the context of MS, memory B
cells secrete increased amounts of pro-inflammatory cytokines,
including IL-6, lymphotoxin alpha, tumor necrosis factor
alpha (TNF-0), and granulocyte-macrophage colony-stimu-
lating factor (GM-CSF), while exhibiting decreased levels of
anti-inflammatory IL-10. This imbalance contributes to the
inflammatory effects of B cells in MS."
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Figure 1: B cells in antigen presentation. B cells (blue) recognize antigens
(yellow), process them, and present them via MHC-II to T cells (green). The
interaction between CD40 on B cells and CD40 Ligand on T cells develops
pro-inflammatory T cells.

1.2. Producing Immunoglobulins:

After B cells present antigens to T helper (Th) cells and the
binding between MHC II and TCR activates these cells, B
cells differentiate into memory B cells, which retain memory
of the antigen, and plasma cells, which produce immunoglob-
ulins (antibodies). In multiple sclerosis (MS), immunoglobulin
G1 (IgG1) and immunoglobulin G3 (IgG3) are found more
frequently than other immunoglobulin isotypes. These an-
tibodies can be detected in the cerebrospinal fluid (CSF) as
clusters identified through isoelectric focusing (IEF), known
as intrathecal oligoclonal bands (OCBs). OCBs are observed
in over 95% of multiple sclerosis patients, making them a hall-
mark for diagnosing the disease.

These immunoglobulins may play a secondary or enhancing
role in the demyelination process of MS through several effec-
tor mechanisms by binding to antigens on the surface of target
cells (e.g., myelin oligodendrocytes). One of these mechanisms
is called antibody-dependent cellular cytotoxicity (ADCC), in
which effector immune cells recognize the antibody-antigen
complex and release cytotoxic substances that induce pro-
grammed cell death (apoptosis) in the target cells. Another
important mechanism is opsonization and phagocytosis, in
which phagocytes (such as macrophages and neutrophils) rec-
ognize the binding of antibodies on the surface of antigens,
engulf them, and then fuse with lysosomes containing en-
zymes that digest the target cells.
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There is controversy regarding the origin of these intrathe-
cal immunoglobulins. While the central nervous system was
once thought to be devoid of immune cells, a small number
of B and T cells have been identified in healthy individuals,
suggesting that these cells may contribute to the production
of immunoglobulins in the CSF. Other studies propose that
these antibodies originate from the periphery. By expressing
specific chemokine receptors and adhesion molecules, B cells
and immunoglobulins can cross the blood-brain barrier and
recognize auto-antigens on astrocytes, neurons, axons, oligo-
dendrocytes, and myelin.***”

1.3. Common Autoantigens Among MS Patients:

Despite extensive studies aimed at identifying an autoanti-
gen specific to multiple sclerosis that could serve as a diagnostic
biomarker or therapeutic target, no such autoantigen has been
definitively identified. While some target antigens have been
found in certain multiple sclerosis cases, these antigens are
not present across all MS patients and are not exclusive to
the disease, as they have also been detected in patients with
other neurologic diseases (OND) and even in healthy individ-
uals.'®!? For example, Myelin Oligodendrocyte Glycoprotein
(MOG), Myelin Basic Protein (MBP) and Proteolipid Protein
(PLP) are all important proteins of the myelin sheath and are
commonly targeted by autoantibodies in MS—autoantibodies
against these proteins involved in the demyelination process.'®
However, anti-MOG antibodies have also been found in
Myelin Oligodendrocyte Glycoprotein Antibody-Associat-
ed Disease (MOGAD).?® Another immune target in MS is
Aquaporin-4 (AQP4), which is a water channel protein found
on astrocytes, but it is more related to Neuromyelitis Optica
Spectrum Disorder (NMOSD).® Antibodies against glycans
like GAGA4 and glucose have been recently observed in some
MS patients.** Additionally, while antibodies against other
components of the central nervous system, such as anti-In-
ward-Rectifying Potassium Channel (KIR4.1), have been
detected, their pathological role remains unconfirmed.* This
complexity in identifying consistent autoantigens in MS com-
plicates the development of effective therapies for the disease.

2. Chimeric Autoantigen-T Cell Receptor (CATCR)-T
Cell Therapy—Suggested Treatment That Target The Au-
toreactive B Cells:

Recently, CATCR was first developed to treat antiphos-
pholipid syndrome (APS) and rheumatoid diseases. The
approach involves incorporating part or the entire peptide of
the autoantigen into the patient’s T cell receptors, enabling the
autoreactive B cells to recognize and bind to the incorporated
autoantigen, ultimately leading to their death.

This study employed CRISPR-Cas9/12a-based technology
to integrate beta-2 glycoprotein I (2GPI), an important au-
toantigen in APS, into the chimericT cell receptor, specifically
the TCR-CD3 complex, of a human cell. A homology-di-
rected repair (HDR) template containing partial or complete
nucleotide sequences of p2GPI, along with Cas-gRNA de-
signed to modify the TCR-CD3 complex, were transfected
into activated T cells. After transfection, the expression of
these engineered receptors was measured using flow cytom-
etry, a technique for analyzing cell counts and characteristics.

B2GPI was effectively expressed as part of the CD3-gamma,
CD3-epsilon, or TCR-beta/alpha chains.

To examine the specificity of CATCR, Ramos B cells (a
type of lab-grown cell) were edited using CRISPR-Cas9 to
replace their normal B cell receptors (BCRs) with monoclonal
anti-p2GPI derived from APS patients. The efficiency and
selectivity of P2GPI-CATCR-T cells were evaluated by ex-
posing them to anti-p2GPI and unmodified Ramos B cells.
Cytotoxicity was measured using flow cytometry, live-cell im-
aging for visualizing interactions in real-time, and cytokine
assays to assess immune signaling molecules produced during
the interaction.

The results were incredibly promising; B2GPI-CATCR-T
cells precisely depleted anti-B2GPI B cells by inducing im-
mune synapse formation via the perforin—granzyme effector
pathway (perforin forms pores in the cell's membrane, allow-
ing granzymes to enter and trigger the apoptotic process). This
observation represents a significant advancement toward spe-
cific treatments for autoimmune diseases.”*?*
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Figure 2: This figure explains what a Chimeric Autoantigen-T Cell
Receptor (CATCR) is. A relevant autoantigen (pink) is incorporated into the
beta chain (green) of the TCR-CD3 complex. These modified T cells (blue)
can selectively kill autoreactive B cells (brown) through the perforin and
granzyme pathway.

TCR: T Cell Receptor, CD3: Cluster of Differentiation®

3. Application on MS:

The success of CATCR Therapy in APS inspires further ex-
ploration of using a similar approach to design a precise therapy
for MS, given the key role that B cells play in the production of
autoantibodies in both conditions, and the significant results
of preclinical and clinical trials of CAR T Cell therapy in MS,
particularly CD19 CAR T Cell therapy, which targets B cells
expressing the CD19 co-receptor.”® This innovative therapy
has received U.S. FDA approval for treatment in patients with
refractory and progressive MS in phase 2 trial.>” In a study
involving patients with progressive MS, treatment with CD19
CAR T Cells resulted in a notable reduction of IgG levels
in both the bloodstream and CSF.*® This reduction suggests
the potential to halt disease progression and offers promising
prospects for the future application of CATCR therapy in the
treating multiple sclerosis.

3.1.Potential Therapeutic Benefits and Side Effects:

Given that CATCR has shown specific and precise efficacy
in APS, we hypothesize that similar outcomes could be
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achieved in MS. The comparable role of B cells in both con-
ditions, along with the encouraging results from CAR T cell
therapy on MS, supports this assumption. By selectively target-
ing and eliminating auto-reactive B cells, we aim to decrease
the activity of pathogenic T cells and reduce auto antigen pre-
sentation. This will prevent the differentiation of autoreactive
B cells into plasma cells that produce myelin-targeting autoan-
tibodies. As a result, we anticipate a decrease in inflammation
and demyelination, ultimately controlling disease progression.
Importantly, this approach also seeks to preserve healthy im-
mune cells, thereby protecting against severe infections and
cancer. Additionally, this therapy may serve as a preventive
strategy for individuals at risk of developing MS.

However, it is important to consider potential side effects,
including:

® Cytokine release syndrome (CRS):

It is the most common CAR T Cell Therapy side effect
(affects up to 9 in 10 patients who receive CART Cell ther-
apy). It is an inflammatory response that causes rapid release
of pro-inflammatory cytokines into the bloodstream, leading
to symptoms that can range from mild flu-like symptoms
to severe complications, including high fever, hypotension,
hypoxia, and multi-organ dysfunction. CRS occurs when ac-
tivated immune cells release large amounts of cytokines—the
overproduction of these cytokines can lead to a cascade of in-
flammatory responses.”

® CAR T-Cell-related encephalopathy syndrome (CRES):

It is a neurological complication associated with CAR T-cell
therapy, causing symptoms like confusion, agitation, seizures,
and altered mental status. It typically occurs in the context
of Cytokine Release Syndrome (CRS) but can also occur in-
dependently. CRES is thought to be related to the systemic
inflammatory response triggered by the activation and prolif-
eration of CAR T-cells, which leads to the release of cytokines
that can affect the central nervous system. The exact patho-
physiological mechanisms are still being studied.*

® Immune Effector Cell-Associated Neurotoxicity Syn-
drome (ICANS):

It is a neurological complication that can occur following
the administration of immunotherapies such as CAR T-cell
therapy. ICANS is characterized by a range of neurological
symptoms that may include Confusion and altered mental sta-
tus, headaches, and visual disturbances. The exact mechanisms
behind ICANS still need to be investigated, but it is believed
to be related to the systemic inflammatory response triggered
by the activation of immune effector cells. This response can
lead to the release of cytokines, which may affect the central
nervous system.>’

Immunosuppressive drugs can be used for managing CRS,
CRES, and ICANS

3.2. Further Suggestions:

Further experimental research, both in vivo and in vitro, is
needed to confirm the therapy's effectiveness and safety, mon-
itor potential side effects, and develop strategies for managing
them. Additionally, it is crucial to investigate the best route
of administration for delivering the therapy across the blood-
brain barrier to target auto-reactive B cells in the cerebrospinal

fluid.®* To halt and reverse the progression of MS, we will
likely need to combine this therapy with additional treatments
aimed at regulating the activity of auto-reactive T cells.’>*
While specific targeted antigens for MS patients have not yet
been identified, we propose developing personalized treat-
ments tailored to each patient's unique autoantigens. Over the
past decade, researchers have been investigating methods to
identify these autoantigens, aiming to enhance diagnostic and
therapeutic efficiency. A notable study conducted in 2011 ana-
lyzed patient-specific targeted antigens, following these steps:

1. Sample Collection: Cerebrospinal fluid (CSF) containing
oligoclonal bands (OCBs) was collected from patients. The
CSF was centrifuged at 500xg for 10 minutes to remove cellu-
lar debris. CSF and sera were stored at -80°C for later analysis.

2. Phage Display Peptide Library: This technology utilizes
bacteriophages that carry random peptides on their surfaces.
Two specific libraries, Ph.D.-7™ and Ph.D.-C7C™ were em-
ployed to identify peptides that bind to the antibodies in the
CSE. The CSF IgG was mixed with the phage libraries, and
phages that adhered to the IgG were retained while unbound
phages were washed away. This process was repeated multiple
times to enrich for binding phages.

3. ELISA Confirmation: To verify that the selected peptides
specifically bind to CSF IgG, an ELISA test was performed.
Individual phage clones were tested for reactivity with the
CSF IgG, with a control using pre-immune human IgG to
ensure specificity in binding.

4. Western Blotting: This technique was used to visualize
interactions between the peptides and IgG. Proteins in the
CSF and serum were separated based on charge using isoelec-
tric focusing (IEF), followed by probing with phage peptides
to identify specific bands that corresponded to the antibodies.

5. Alanine Scan Mutagenesis: To determine which amino
acids are crucial for binding to IgG, alanine scan mutagenesis
was applied, systematically replacing each amino acid in the
peptide with alanine. This method helped identify which resi-
dues are essential for maintaining strong binding affinity.

6. Protein Identification: To ascertain the proteins corre-
sponding to the identified peptides, databases such as BLAST
were utilized to identify potential proteins involved in the im-
mune response.>**

4. In Progress and Approved Immunotherapies for MS

4.1. CD 19 CAR T Cell Therapy —In Progress Therapy:

This therapy targets the CD19 antigen, a protein expressed
on the surface of B cells that increases during their maturation
and disappears when they differentiate into plasma cells.***’
CD19 plays a crucial role in controlling B cell receptor sig-
naling by regulating MHC-II expression, and it lowers the
activation threshold for B cells which enhances their re-
sponse to lower levels of antigens." Studies have shown that
MS patients have an increased number of B cells expressing
CD19.38 In this context, elevated CD19 levels make B cells
more sensitive to antigens, contributing to autoimmunity and
the production of autoantibodies. Consequently, developing
therapies for targeting CD19 has been considered to suppress
autoimmunity. Notably, CD19 CAR'T cell therapy has yielded
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fully decreased autoantibodies in the bloodstream and in the
CSF which contribute to inflammation. This therapy demon-
strated a favorable safety profile, with no ICANS observed.
Although cytokine release syndrome (CRS) took place, it was
manageable with Tocilizumab and Dexamethasone (immu-
nosuppressant drugs).”® However, this therapy lacks specificity
in targeting autoreactive immune cells, as CD19 is also present
on normal B cells. In advanced stages of the disease, depleting
B cells may be beneficial for halting disease progression.

4.2. Anti-CD20 Monoclonal Antibodies (Ocrelizum-
ab)—FDA-Approved Therapy:

Monoclonal antibodies (mAbs) are laboratory-engineered
antibodies designed to target specific antigens.*” CD20 is a
protein expressed on immature B cells, naive B cells, memory
B cells, and germinal center B cells, but it is absent in pre-B
cells and plasma cells.*® While the specific function of CD20
remains unclear, it is believed to serve as a calcium ion channel,
playing a role in B cell activation, proliferation, and differen-
tiation into plasma cells.*"** Studies have shown a significant
presence of plasma cells and CD20+ B cells in the perivenular
areas of patients with advanced courses of MS,*»** suggesting
their pathological involvement. Targeting CD20 has proven
effective in eliminating B cells (including autoreactive B cells),
making this approach useful for treating relapsing forms of M'S
(RMS) and primary progressive MS (PPMS). The treatment
has demonstrated clear benefits in reducing inflammation and
relapse rates. The long-term safety profile of these therapies is
still under investigation, with potential side effects including

infusion reactions and immune suppression due to the deple-
tion of normal CD20+ B cells.*»'

B Conclusion

In summary, B cells play a significant pathological role
in multiple sclerosis, underscoring the critical need for
treatments. Current therapies lack precision in depleting
autoimmune cells, leading to an increased risk of serious in-
fections. Therefore, developing precise therapies that target
the autoimmune cells is essential. Chimeric Auto-antigen T
Cell receptor (CATCR)-T Cell therapy represents a promis-
ing approach for treating autoimmune diseases like multiple
sclerosis by selectively targeting and eliminating autoreactive
B cells while preserving the patient's healthy immune system
against infections and cancer. Further research is necessary to
evaluate its therapeutic benefits and identify potential side ef-
fects. Additionally, strategies must be developed to effectively
manage these side effects to ensure patient safety. We remain
optimistic that the outcomes of this therapy will mirror the
positive results observed in using CATCR T Cell Therapy
in Anti phospholipid syndrome, paving the way for more ef-
fective management of multiple sclerosis and improving the
quality of life for those affected by this challenging disease.
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