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Abstract:

This manuscript explores advancements in antigen-specific immunosuppression and the
potential and challenges for gene-editing application in autoimmune diseases which are driven
by autoantibodies (AAbs). Current approved treatments fail to reach long-lived plasma cells
(LLPCs), which may continue secreting pathogenic AAbs after immunobiological courses in
some autoimmune illnesses. New approaches, some tested in vitro and some already
undergoing clinical trials, such as the chimeric autoantibody receptor (CAAR)-T cells, BiTEs,
affinity matrices, and CRISPR-AAb-untargeting, show promise in selectively eliminating
autoreactive B lymphocytes. Challenges remain, particularly in adapting CRISPR for in vivo use.
The future of precision medicine for autoimmunity will rely in Al-guided personalized
approaches, enabling the design of highly specific therapies to target disease-causing
autoreactive cells while preserving immune function, marking a transformative step.in
autoimmune treatment.

Keywords: Autoantibodies; Autoimmune disease; Artificial Intelligence; Genome editing; V(D))
rearrangements.

Box — Highlights

> Long-lived plasma cells resist conventional therapies due to their quiescence,
protective bone marrow niches, and lack of common B-lymphocyte markers like
CD20 and the BCR. Their persistence drives pathogenic autoantibody production in
various autoimmune diseases.

> Artificial intelligence (Al) and machine learning are revolutionizing antibody
engineering by predicting V(D) folding in silico as well as their target epitopes, with a
high degree of certainty.

» The CRISPR/Cas9 platform shows promise in selectively targeting V(D)J
rearrangements responsible for pathogenic autoantibody production. Al could be
employed to find the most pathogenic paratopes in a given patient.

» Antigen-specific immunosuppression of B/T cells and their progeny is the ultimate
therapeutic goal for managing pathogenic autoantibody-driven autoimmune
diseases.
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1. Introduction

Many autoimmune diseases are characterized by the presence of autoantibodies (AAbs),
which play key roles in the pathogenesis of these conditions. These autoantibodies can serve as
both diagnostic biomarkers and direct effectors of tissue damage, as seen in diseases like
Myasthenia Gravis, type | diabetes, Pemphigus Vulgaris, and autoimmune encephalopathies
[1]. In many of these diseases, pathogenic AAbs bind to critical antigens in the body, interfering
with normal biological functions and activating antibody-dependent immune mechanisms,
leading to tissue destruction and perpetuation of the inflammatory cycle. The antigenic
specificity of any antibody is determined by V(D)J gene rearrangements during B cell
development in the bone marrow. However, strong activation of these cells by cooperation
with T-CD4+ cells and the subsequent formation of germinal centers in lymph nodes; results in
the generation of long-lived plasma cell clones (LLPCs), which continue secreting high-affinity
immunoglobulins even in the absence of antigenic stimuli [2].

Currently, standard therapies for autoimmune diseases include immunosuppressants,
general B-cell depleting agents, complement inhibitors and FcRn antagonists, among others,
such as the well-known anti-CD20 monoclonal antibodies (Figure 1). However, these therapies
fail to target LLPCs, which do not depend on antigens to continue producing AAbs. In fact,
there are very few therapies that can target LLPCs, such as the anti-CD38 antibody
daratumumab, which has shown efficacy in targeting plasma cells, including LLPCs, and has
been associated with reduced disease activity in-systemic lupus erythematosus (SLE) [3].
Additionally, other interventions like plasmapheresis and FcRn antagonists are only temporary,
as AAbs levels quickly return due to the persistence of LLPCs, and autologous bone marrow
transplant is usually the last resort in autoimmune diseases due to the risks of opportunistic
infections associated with the procedure. Other recent experimental approaches, such as using
cytolytic cells (CD8+ T cells) transduced with chimeric autoantibody receptors (CAAR-T) [4],
have shown some success in eliminating antigen-specific B cells but still do not fully address
the problem of LLPCs, which are'the primary source of approximately half of the circulating
antibodies in an adult (Figure 1).

Eliminating antigen-specific LLPCs is the ultimate therapeutic goal for managing pathogenic
AAb-driven autoimmune diseases. However, LLPCs pose significant challenges for targeted
therapies due to their unique survival mechanisms and protective microenvironments. These
cells can persist for decades, producing antibodies that contribute to autoimmunity, graft
rejection, and drug neutralization [5]. Residing in specialized niches within the bone marrow,
LLPCs are supported by mesenchymal and hematopoietic components that provide essential
survival factors, such as interleukin-6 (IL-6), tumor necrosis factor (TNF), and anti-apoptotic
signals like Mcl-1 [6]. These niches, combined with intrinsic programs like enhanced autophagy,
metabolic fitness, and stress response mechanisms, allow LLPCs to resist conventional
therapies, including immunosuppression, B cell depletion, and irradiation [7]. Unlike short-lived
plasma cells, LLPCs remain quiescent and do not express common activation markers like CD20,
rendering them invisible to most therapeutic approaches. Moreover, LLPCs secrete all their
produced antibodies without retaining them as membrane-bound B-cell receptors (BCRs),
which limits the effectiveness of therapies like CAAR-T cells [8].

A recent breakthrough deserving attention is the use of bispecific T-cell engagers (BiTEs) in
the treatment of autoimmune diseases (Figure 1), particularly conditions mediated by the B-
cells and their progeny, the plasma cells, such as SLE and rheumatoid arthritis (RA). BiTEs are
essentially molecules comprising two Ab variable regions targeting two receptors, such as CD3
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and CD19, designed to force the interaction between the two cell populations involved [9].
Bucci et al. [10] demonstrated the efficacy of blinatumomab, a CD19xCD3 BiTE, in patients with
multi-drug-resistant RA, achieving significant B cell depletion, reduced disease activity, and
improved synovitis [10]. Originally developed for oncology, BiTEs like blinatumomab have
revolutionized cancer immunotherapy, particularly in hematologic malignancies such as acute
lymphoblastic leukemia [11]. The modular design of BiTEs allows the targeting of diverse
antigens, enabling the development of personalized therapies for both oncology and
immunology. The success of teclistamab, a BCMAxCD3 BiTE that directs T cells against plasma
cells, in treating multiple myeloma further underscores the adaptability of this platform for
precision immunotherapy, including some autoimmune diseases [12]. For example, a recent in
vivo trial applied teclistamab in a patient with SLE, resulting in disease remission [13]. These
findings open promising avenues for repurposing BiTEs to manage autoimmune diseases, with
a specific focus on targeting pathogenic B cells [14].

Given the resistance of LLPCs to conventional therapies, there is an urgent need to develop
innovative, preferably antigen-specific interventions that can selectively eliminate or modulate
pathogenic plasma cell clones secreting AAbs. In this context, we proposed.in a-recent in vitro
study the use of CRISPR/Cas9 gene-editing technology as a tool to target the V(D))
rearrangements responsible for the production of pathogenic'autoantibodies [15]. By
disrupting given rearrangements in the genes encoding immunoglobulins, it is possible to
eliminate the ability of LLPCs to produce AAbs, paving the way fora highly specific and precise
therapy. In the in vitro study by our group [15]; we demonstrated that the CRISPR/Cas9 system
is indeed effective in knocking out autoantibodies by targeting the V(D)J rearrangements. Even
when complete knockout of the gene was not achieved, point mutations inserted after the
nuclease Cas cut at the sites encoding the CDRs significantly affected and nearly eliminated the
ability of the AAbs to bind to their target, a type of CRISPR-based untargeting for the AAbs,
which would also be effective in reducing the quantity and/or specificity of AAbs in a potential
adaptation of this method for in\vivo use [15]. This innovative approach, which aims to directly
deactivate the genes that produce the disease-causing AAbs, could represent a paradigm shift
in the treatment of AAb-mediated autoimmune diseases. The objective in this manuscript was
to discuss the current context related to antigen-specific immunosuppression and the main
challenges concerning the adaptation of the CRISPR-AAb-untargeting system for in vivo
application.
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Immunosupression targeting B Antigen-specific immunosupression of
lymphocytes B and plasma cells

» Monoclonal antibodies: »CAAR-T/ BAR-T cells
Anti-CD20

Anti-CD38 ) .
In vitro studies, proof-of-concept

> BAFF and APRIL blockades and ongoing research.

> Particles coated with antigen and

»FcRn Blockade CD22 ligand
» Polymer couplet to antigen and
» Antibody-drug conjugates: LABL

Anti-CD19, CD20, BCMA, etc...
» Protein fusions: Fc-antigen,

» Bispecific T-cell Engagers, BiTEs antigen-toxin, etc...

» Proteasome Inhibitors » Affinity matrix

> CAR-T for CD19, BCMA, etc... > CRISPR-AAb-untargeting

Examples of medications in
Preclinical/Clinical phase:

Rituximab, Ocrelizumab, Ofatumumab,
Obinutuzumab, Daratumumab, Isatuximab,
Belimumab, Telitacicept, Efgartigimod,
Rozanolixizumab, Belantamab Mafodotin,
Loncastuximab Tesirine, Blinatumomab,
Teclistamab, Bortezomib, Carfilzomib, etc... secreted

antibodies

Figure 1. Examples of novel proposed avenues for treating autoimmune diseases, especially
those mediated by the B-cells and their progeny, the plasma cells. For clarity the traditional
pharmaceuticals such as Cyclophosphamide were not mentioned here. Some
immunosuppression-and cell'depletion strategies are already approved or undergoing human
clinical trials, others:are still in their proof-of-concept in vitro studies. Art visuals collected from
NIH BioArt source <https://bioart.niaid.nih.gov/>.
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2. Challenges for CRISPR-AAb-untargeting: Defining the V(D)J target for gRNAs

Despite the current difficulties in adapting the CRISPR system for in vivo therapies—such as
the challenge of delivering the Cas9 enzyme plus gRNA machinery to the target tissue cells
where editing is needed—CRISPR-based therapies for sickle cell anemia (SCD) and beta-
thalassemia were recently approved by the FDA [16]. In addition, concerns about off-target
effects and immune responses persist. Frati et al. [17] observed more pronounced off-target
activity and chromosomal rearrangements in SCD samples compared to healthy donors,
emphasizing the need for disease-specific safety assessments. Additionally, they noted
upregulation of DNA damage and inflammatory response genes in edited cells [17]. Lopes &
Prasad [18] stress in a recent review the importance of comprehensive off-target detection
methods and improved CRISPR systems to enhance therapeutic safety [18]. Despite these
challenges, gene-edited SCD hematopoietic stem and progenitor cells (HSPCs) have shown
successful results reducing sickling of red blood cells in SCD patients, suggesting potential
clinical benefits if safety concerns can be adequately addressed [16].

The approved CRISPR-based therapies use an ex vivo strategy, where HSPCs are extracted
from the patients, and after editing to knockout the beta-hemoglobin gene, the cells are
selected, expanded, and reinjected into the same patient. In the case of gene editing to
eliminate pathogenic V(D)J rearrangements [15], i.e. AAbs, this approach could be adapted in a
similarly manner, as LLPCs reside in the bone marrow and could be extracted, edited, and
reinjected into patients with the pool of LLPCs no longer secreting the pathogenic AAbs.

The major problem and current challenge is.that autoantibodies are polyclonal, meaning
that multiple V(D)J rearrangements generate antibodies with distinct variable regions, but that
binds at the same target, although with varying affinities, i.e., binds at different (or similar)
epitopes that are all parts of the same antigen. In this context, defining which pathogenic V(D))
rearrangements should be targeted by the gRNAs for knockout by Cas9 becomes a daunting
task, considering that an adult has approximately 1 million B-cell clones, i.e. plasma cells clones
secreting antibodies [15].

To overcome this obstacle, a promising approach is the use of Artificial Intelligence (Al) to
predict the epitopes to which the AAbs generated by specific V(D)J rearrangements will bind.
Based on neural networks and machine learning, hybrid models that integrate supervised and
unsupervised learning have emerged in the last three years, capable of analyzing deep
sequencing data from variable antibody regions, predicting with high confidence the
conformation of paratopes and its complimentary determining regions (CDRs), and also
predicting with high accuracy the possible target epitopes [19-21]. Using next-generation
sequencing (NGS) to obtain the variable regions of antibodies from a given patient, these
software tools could analyze and identify common patterns that might represent the pool of
pathogenic autoantibodies for that specific patient, allowing for the selection of common sites
that could be targeted by gRNAs acting specifically on the most pathogenic rearrangements.
This would optimize the editing process and increase precision in eliminating the genes
responsible for producing AAbs in LLPCs, especially in more severe autoimmune conditions
[19].

The use of autoregressive neural networks has already proven efficient in predicting the
probability of high-affinity antibody-antigen binding. These models are trained on large
sequencing data libraries, allowing millions of paratopes to be generated and tested in silico.
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This way, highly specific and effective sequences can be prioritized for experimental testing,
selecting rearrangements with greater pathogenic potential. These methods are particularly
useful in co-optimizing multiple antibody properties, such as affinity and specificity, while
minimizing the impact of non-specific binding [20-22].

However, caution is warranted when relying solely on Al-based antibody predictions. A
study on SARS-CoV-2 antibodies found that Al-predicted epitopes were inaccurate when
compared to experimental validation [23]. Despite limitations, Al-driven approaches continue
to evolve, offering potential time and cost reductions in antibody discovery pipelines [24].
While Al shows promise in enhancing antibody development processes, current models may
lack the clinical robustness required for immediate therapeutic applications, highlighting the
need for extensive wet-lab experimental validation alongside computational predictions.

Additionally, algorithms like AlphaFold, OpenFold, OmegaFold, EsmFold, etc... which
predict protein structure with high accuracy, can be used to improve the prediction of
interactions between epitopes and AAbs. However, although AlphaFold is effective in
predicting the structure of antigens, it is still limited in predicting conformation of specific
antibody regions, such as the CDR-containing variable region. The improvement of docking
techniques between antibodies and antigens, along with advances in neural networks focused
on analyzing antibodies structures and its maturation-associated mutations, such as IgFold,
DeepAb, RosettaAntibody and AbPredict, to mention just-a few, has the potential to further
refine the choice of gRNAs targets for V(D)J editing, ensuring a highly precise and effective
therapeutic approach [19, 20, 25].

Despite the potential advances by associating Al-based antibody predictions and genome
editing, safety concerns should be considered, particularly immunogenicity, which remain a
major obstacle for in vivo CRISPR applications, necessitating careful design and mitigation
strategies [26]. Ethical considerations surrounding CRISPR use are complex, encompassing
issues such as permissible applications, equitable access, and the need for regulatory
frameworks, especially for germline editing [27]. While the first CRISPR-based therapeutics
have received regulatory approval [16], long-term effects remain unknown, and pivotal clinical
trials for emerging applications are expected to be conclude within the next 5 years. As CRISPR
technology advances, ongoing research, long-term patient follow-up, and evolving moral
decision-making will be crucial to address safety concerns and ethical implications, ultimately
determining the feasibility and scope of clinical implementation [27, 28].

3. Recent developments in Antigen-specific B cells depletion therapies

Recent developments in antigen-specific therapies targeting autoreactive B cells have
shown great promise in treating autoimmune diseases, particularly because the outcome is
reduction of circulating pathogenic AAbs without the need for generalized immune
suppression [29] (Figure 1). A notable example is the use of CAAR-T cells, a technology where
cytolytic T cells are modified to express receptors with extracellular autoantigens to which
autoreactive BCRs bind. For example, CAAR-T cells have been successful in diseases like
pemphigus vulgaris, targeting B cells with BCRs, and in extension the plasma cells, that produce
antibodies against desmoglein-3, a crucial protein for skin integrity [4, 30]. This antigen-
specific approach has proven effective in selectively depleting pathogenic B cells while
preserving healthy, non-reactive B cells, representing a significant advance over conventional B
cell depletion therapies like anti-CD20 monoclonal antibodies.
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In addition to CAAR-T cells, other strategies include affinity matrices, Fc-antigen fusion
proteins, soluble multivalent antigen arrays, and particle-based therapeutics (Figure 1). A
comprehensive review of the topic can be found elsewhere [29]. We will mention two
examples: The affinity matrix works by linking the recombinant antigen of interest to an
antibody targeting plasma cell surface markers such as CD138 or CD44. This complex binds to
plasma cells producing AAbs against the antigen of interest. The Fc region of the AAbs in turn
recruits the complement system, inducing complement-dependent cytotoxicity to eliminate
these cells, like a complement-dependent suicide [31]. Soluble multivalent antigen arrays work
by coupling autoantigens to a polymeric backbone along with cell adhesion inhibitory peptides
(LABL). These arrays directly bind to BCRs specific for the antigen, rendering B cells anergic or
non-responsive. This method has shown efficacy in experimental models, such as autoimmune
encephalomyelitis, preventing the activation of pathogenic B cells and inducing immune
tolerance [32, 33].

Among the various concepts of antigen-specific immunosuppression, as discussed
elsewhere [29], the only ones capable of targeting LLPCs specifically are the affinity matrix and
our CRISPR-AAb- untargeting system [15] (Figure 1). However, eliminating B cells that have not
yet secreted AAbs can also indirectly affect plasma cells by reducing the number of new
autoreactive antibody-secreting cells maturing from activated B lymphocytes.

One could test the strategy to apply antigen-specific B-cellimmunosuppression, such as
the CAAR-T, together with traditional chimeric antigen receptor (CAR) T cells design to
eliminate overall plasma cells, such as the anti-BCMA-CAR-T, as discussed elsewhere [34], or
even combine CAAR-T with the BCMAXCD3 BiTE teclistamab. Although these are not antigen-
specific and affect all plasma cells, they could reduce the population of cells secreting AAbs
while maintaining a system where new, non-autoreactive B cells, which are not eliminated by
CAAR-T, could repopulate the patient's immune system and plasma cells without the cells
secreting pathogenic AAbs. It is worth noting that CAAR-T therapy has been successful in some
diseases where short-lived plasma cells are the primary source of AAbs [30, 35].

4. Future perspectives

| envision a future where, through the analysis of variable regions of a patient's antibodies
via NGS, a personalized “antibodyomics” approach utilizing Al could identify the CDRs
responsible for generating AAbs with the highest pathogenic potential. The same Al could be
used.to determine potential sequences for targeting through gene-editing techniques, such as
CRISPR. Using a set of tools, including CAAR-T, affinity matrix, CRISPR-AAb-untargeting, and
others, a patient with an AAb-driven autoimmune disease could undergo antigen-specific
immunosuppression capable of eliminating both B cells with autoreactive BCRs and short- and
long-lived plasma cells that secrete the respective pathogenic AAbs—an advanced concept of
super precision medicine. Antigen-specific immune activation was successfully achieved about
a century ago with vaccines, revolutionizing human medicine and health, but antigen-specific
immunosuppression of B/T cells and their progeny is still in its early days, with great future
prospects. Essentially this is the ultimate therapeutic goal for managing pathogenic AAb-driven
autoimmune diseases.
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