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ABSTRACT

Autoimmune diseases represent a diverse group of disorders characterized by immune-mediated attacks on the body’s own
tissues and organs. This review provides a comprehensive overview of autoimmune diseases, covering their definition,
epidemiology, mechanistic approach, clinical manifestations, current treatments, and future research directions.
Autoimmune diseases can be categorized into organ-specific (e.g., type 1 diabetes, Hashimoto's thyroiditis) and systemic
(e.g., systemic lupus erythematosus, rheumatoid arthritis) conditions, each with distinct clinical presentations and
underlying mechanisms. Genetic predisposition, environmental triggers, and immunological dysregulation play critical
roles in disease development. Common symptoms include fatigue, joint pain, skin manifestations, and organ-specific
dysfunction, contributing to significant morbidity and impaired quality of life. Traditional treatments often involve broad
immunosuppression, which can compromise host defense. Recent advances in immune-pharmacology have introduced
targeted therapies aiming to modulate specific immune pathways, offering improved efficacy and safety profiles. This
review explores current trends in immunopharmacological interventions for Autoimmune diseases, including biologics,
small molecule inhibitors, and innovative approaches like inverse vaccines and tolerogenic therapies. We also discuss
emerging strategies such as CAR-T cell therapy, mRNA-based treatments, and the role of epigenetics and artificial
intelligence in personalizing therapy. These developments herald a new era in the management of AIDs, emphasizing
precision medicine and long-term disease control.
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1. INTRODUCTION

Autoimmune diseases a diverse group of conditions characterized by aberrant B cell and T cell reactivity to normal
constituents of the host.! These diseases occur widely and affect individuals of all ages, especially women. Autoimmune
diseases encompass a diverse group of disorders characterized by immune-mediated destruction of self-tissues.? Conditions
such as rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), multiple sclerosis (MS), and type 1 diabetes
mellitus (TIDM) significantly impact patient quality of life and pose substantial healthcare burdens.® Traditional
therapeutic approaches primarily involve non-specific immunosuppression, which, while alleviating symptoms, can lead
to increased susceptibility to infections and other adverse effects.* Advancements in immunopharmacology have shifted
the therapeutic paradigm towards targeted interventions that modulate specific components of the immune system.’ This
review delivers current and emerging immunopharmacological strategies for AIDs, highlighting their mechanisms, clinical
applications, and future prospects.®
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2. EPIDEMIOLOGY

Although autoimmune illnesses are often considered to be relatively rare, they have a substantial impact on both mortality
and morbidity. About 3—5% of people in the general community have autoimmunity overall.” Ironically, however, little is
known about the aetiological processes that result in clinical pathology, particularly in spite of significant advancements
in the detection and treatment of autoimmune illnesses.® The prevalence and incidence of autoimmune illnesses differ from
one another. Taking into account differences in age, gender, ethnicity, and other demographic characteristics complicates
the geoepidemiology.® Although autoimmune disorders can strike at any age, each disease has a distinctive age at which it
first manifests.!? First-degree relatives have a higher prevalence in practically all patients, and monozygotic twins have an
even higher prevalence. With a female-to-male ratio ranging from 10:1 to 1:1, autoimmune disorders are more common in
women [with the exception of Crohn's disease, which has a ratio of 1:1.2].!" Despite receiving a lot of attention, the sex
bias in autoimmunity has not been addressed.

3. CLINICAL MANIFESTATIONS

Autoimmune diseases can present with a wide range of symptoms and signs, depending on the specific disease and organs
affected.!> Some common manifestations for autoimmune disease are shown in table 1.

TABLE:1. Clinical manifestation of autoimmune diseases

Symptoms Description

Fatigue A symptom for many autoimmune diseases

Joint pain and Swelling Arthralgia and arthritis

Skin Manifestations Such as rashes, ulcers and photosensitivity

Fever Fever Occur in systemic autoimmune diseases

Muscle Weakness Muscle weakness Such as dermatomyositis and
polymyositis

Neurological symptoms Such as cognitive impairment and neuropathies

Gastrointestinal issues Abdominal pain, diarrhea, and malabsorption

Endocrine dysfunction Leading to symptoms like weight changes

4. MECHANISTIC APPROACH FOR AUTOIMMUNE DISEASES

This is especially true of the complement of B and T cells,!* which have membrane-bound, antigen-specific recognition
molecules.'* some innate immune system components which are always present but nonspecific-also contribute to the
pathophysiology of AIDx.'* The first line of defense against external assaults and the first responders responsible for
healing damaged tissue are innate immune mechanisms.'> The main constituents are soluble mediators (e.g., complement
and cytokines) and cells (e.g., macrophages, natural killer [NK] lymphocytes, and polymorphonuclear granulocytes).'®
Cellular components typically absorb foreign substances and/or release potent enzymes to break them down, but soluble
substances work to speed up the preparedness and make the more specialized acquired defenses easier to use.!” The main
responsibility for breaking down and eliminating damaged cells falls on members of the myeloid lineage, particularly
circulating and tissue-based macrophages.'®

Mononuclear leukocytes, especially lymphocytes, are the primary source of signals that drive the acquired immune system,
including responses in AIDx.!” The conventional wisdom holds that T-lymphocytes are the primary initiators and
maintainers of both spontaneous and induced AIDx.2° Particularly powerful in this respect are cells belonging to the CD4+
T-helper (Th) class, which release a wide range of cytokines that support the activities of other immune effector cells.
There are several distinct classes of Th-lymphocytes.?! The Thl class, which increases immune cell activity the Th2 class,
which enhances the humoral (antibody) response; and the Th17 class, which secretes molecules that attract and excite
neutrophils, seem to have made the most significant contributions to AIDx.?? Immediate contact with APCs (mostly
dendritic cells, but occasionally also mitogen-stimulated B-cells) that express major histocompatibility complex (MHC)
type Il and a co-stimulatory protein (e.g., B7 CD80/86) activates these master Th-cell phenotypes.?! Only when the T-cell
and an APC form an immune synapse using three signals simultaneously the primary T-cell receptor (TCR) binding to
MHC II, the T-cell co-stimulatory receptor (such as CD28) connecting with the APC's co-stimulatory molecule, and the
APC-secreted cytokines interacting paracrinely with T-cell receptors does lymphocyte activation take place.??> One
receptor-ligand stimulation method is insufficient to activate the cell. B-cell activation requires a similar receptor-mediated
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process where the B cell receptor is surface-anchored immunoglobulin (Ig).?* In AIDx, autoreactive T- and B-lymphocytes
engage in mutually assisted positive feedback to perpetuate the disease over time. The range of the global antigenic pool
that the whole complement of lymphocytes will recognize is altered by extensive recombination within the genes encoding
the T- and B-cell receptor proteins (TCR and Ig, respectively).?* Combinations that result in antigen-binding domains that
can react with endogenous self-molecules are a reasonably common occurrence since the numerous gene elements for TCR
and Ig mix randomly.?Therefore, AIDx must be prevented by teaching immune cells to ignore endogenous substances
(self-tolerance) during development and then convincing them to actively maintain their quiescence throughout life.?°

5. CURRENT THERAPIES IN AUTOIMMUNE DISEASES
5.1 Biologic Agents

Biologic agents have transformed the treatment landscape of autoimmune diseases. Unlike traditional immunosuppressants
that affect broad components of the immune system, biologics are precision-engineered molecules-mostly monoclonal
antibodies or fusion proteins-that target specific immune pathways.?” They offer enhanced efficacy, reduced systemic
toxicity, and are now central to immunopharmacological strategies in rheumatoid arthritis (RA), systemic lupus
erythematosus (SLE), multiple sclerosis (MS), inflammatory bowel disease (IBD), and psoriasis.?® Biologics have
transformed AID management by targeting specific cytokines and immune cells. Tumor necrosis factor-alpha (TNF-a)
inhibitors, such as infliximab and etanercept, have shown efficacy in RA and inflammatory bowel disease shown in (figure-
1). Interleukin (IL)-6 receptor antagonists (e.g., tocilizumab) and IL-17 inhibitors (e.g., secukinumab) are effective in RA
and psoriasis, respectively.?’ B-cell depletion therapies, notably rituximab, have been beneficial in SLE and MS.
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FIGURE-1: Common biological agents and their targets on immune cells and molecules.

5.2 Janus Kinase (JAK) Inhibitors: JAK inhibitors are a novel class of targeted synthetic disease-modifying
antirheumatic drugs (tsDMARDs) that have reshaped the therapeutic landscape for various autoimmune and inflammatory
diseases.>® Unlike biologics that act extracellularly, JAK inhibitors target intracellular signal transduction pathways,
specifically the JAK/STAT pathway, which is essential for the signal relay of numerous cytokines implicated in
autoimmunity.3! Small molecule inhibitors targeting the JAK-STAT pathway, such as tofacitinib and baricitinib, offer oral
administration options and have demonstrated efficacy in RA and other AIDs.3? JAK3 inhibitors, with lymphocyte-specific
activity, present a promising avenue for selective immunomodulation.** Janus kinases (JAKSs) are tyrosine kinases (JAK1,
JAK?2, JAK3, TYK2) associated with cytokine receptors. Upon cytokine binding, JAKs phosphorylate Signal Transducers
and Activators of Transcription (STATs), shown in (figure-2) which then translocate to the nucleus to regulate gene
transcription.>* JAK inhibitors block these pathways, suppressing pro-inflammatory cytokine signaling (e.g., IL-2, 1L-6,
IFN-y, GM-CSF), thereby modulating immune responses. 3 by increasing use of drugs notably found the new therapy
drugs shown in (table-2)
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FIGURE-2: Mechanism of Janus kinase (JAK) inhibitors. STAT, signal transducer and activator of transcription.

TABLE:-2. Approved and Investigational JAK Inhibitors

Drug Selectivity Indications

Tofacitinib JAK1/3 > JAK2 RA, PsA, UC

Baricitinib JAK1/2 RA, alopecia areata
Upadacitinib JAK1 RA, AS, Crohn’s

Filgotinib JAK1 RA, IBD (EU-approved)
Deucravacitinib TYK2 Psoriasis (FDA-approved, 2022)

5.3 Inverse Vaccines

Inverse vaccines also referred to as tolerogenic vaccines represent an innovative immunopharmacological strategy that
aims to induce antigen-specific immune tolerance, rather than stimulate immunity.?® They are designed to suppress
autoimmunity without impairing the body’s defense against pathogens.’” This approach is particularly promising for
autoimmune diseases like type 1 diabetes (T1D), multiple sclerosis (MS), systemic lupus erythematosus (SLE), and
rheumatoid arthritis (RA).3® Inverse vaccines aim to induce immune tolerance by eliminating pathogenic immune memory.
Unlike traditional vaccines, they retrain the immune system to ignore specific self-antigens. Preclinical studies have shown
that inverse vaccines can prevent autoimmune responses in models of MS and celiac disease.* Early human trials have
indicated potential benefits in modulating disease activity with minimal systemic immunosuppression.

Cellular Target Mechanism Outcome

Naive CD4* T cells Treg Induction Suppression of effector responses

Autoreactive T cells

Clonal Deletion/Energy

Elimination/inactivation of T cells

Dendritic cells

Tolerogenic DC Activation

Bias toward Treg induction

Th1/Th17 vs Treg cells

Cytokine Modulation

Shift to anti-inflammatory profile

Memory T/B cells

Memory Cell Reprogramming

Decreased recall autoimmunity

All immune cell types

Epigenetic Rewiring

Sustained tolerance at gene level

TABLE:-3. Cellular Targets and possible mechanism
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5.4 Tolerogenic Therapies

Tolerogenic therapies are designed to re-establish immune tolerance to self-antigens, reversing the pathological immune
response seen in autoimmune diseases.*® This approach contrasts with broad immunosuppression by aiming to selectively
suppress autoantigen-specific immune cells while preserving protective immunity.*' Tolerogenic dendritic cells are
engineered to promote immune tolerance by presenting antigens in a non-inflammatory context.*? Many tolerogenic
vaccination platforms have been created to deliver autoantigens to specific APC subtypes because APCs coordinate
immunological tolerance.* These tolerogenic vaccination platforms include vaccines based on proteins or peptides,
nanoparticles, or DNA or RNA.* Additionally, ex vivo manipulation and expansion of immunosuppressive cell types,
including tDCs, has led to their reintroduction as cell-based tolerogenic vaccines. All of these substances can be summed
up as tolerogenic vaccinations that are specific to antigens with specifically targeting immune cells Shown in (table-3)

TABLE:-4. Inmune targets with possible outcomes

Mechanism Immune Target Immunological Outcome

Regulatory T cell induction Naive CD4* T cells Suppression of autoreactive effectors
Tolerogenic DC presentation APCs + CD4*' T cells T cell anergy, deletion, or Treg conversion
Clonal deletion/anergy Autoreactive T cells Elimination or inactivation

Cytokine modulation Th1/Th17 vs Treg balance | Shift to immune regulation
Tissue-specific targeting Local DCs, T cells Regional immune tolerance
Nanoparticle-based delivery Antigen-specific T/B Long-term antigen-specific tolerance

6. EMERGING THERAPEUTIC STRATEGIES
6.1 CAR-T Cell Therapy

Chimeric Antigen Receptor (CAR)-T cell therapy, originally developed for cancer immunotherapy, is emerging as a
precision immune-reset tool for treating severe, refractory autoimmune diseases.*® The therapy involves reprogramming
patient-derived T cells to express engineered receptors that recognize specific immune cell targets,(table-4) such as
autoreactive B cells, leading to their selective destruction.*’ (Figure-3) CAR-T therapy has induced remission in refractory
SLE cases.*® Challenges include potential cytokine release syndrome and the need for precise antigen targeting to avoid
off-target effects. And finding a newly based target to a particular diseases.*’ (table-5)
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FIGURE-3: Design, production, and mode of action of CAR T cells
Mechanism Target/Pathway Affected Immunological Outcome
CD19 CAR-T cell-mediated | B cells (CD19+) Autoantibody and APC depletion
cytotoxicity
Immune reset Entire B-cell compartment Immune reprogramming and tolerance re-
induction
Disruption of antigen presentation APC-T cell interactions Inhibition of autoreactive T-cell activation
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CAR-Treg therapy Inflammatory APCs, | Site-specific suppression of immune responses
autoantigen

Cytokine dampening IL-6, TNF-a, IFN-y Inflammatory circuit collapse

TABLE:-5. Target mechanism of CAR-t cells

TABLE: - 6. Ongoing Trials and Diseases Targeted (CD19)

Disease Target Status

Systemic lupus erythematosus (SLE) | CD19 Ongoing clinical trials, promising remission data
Multiple sclerosis (MS) CD19/ Tregs | Preclinical/early-phase trials

Type 1 diabetes CD19 / Tregs | Preclinical

Rheumatoid arthritis CD19 Experimental, compassionate use cases

6.2 mRNA-Based Therapies

Messenger RNA (mRNA)-based therapies have emerged as a versatile and highly programmable platform in
immunopharmacology, offering novel therapeutic approaches for autoimmune diseases.(figure-4)>* Originally developed
for infectious disease vaccines and oncology, the adaptability of mRNA technology has made it increasingly relevant in
reprogramming immune responses to restore self-tolerance in autoimmune settings.>! mRNA technology, propelled into
prominence by COVID-19 vaccines, is being adapted for AIDs. mRNA vaccines encoding autoantigens aim to induce
regulatory T cells and immune tolerance.*? Preclinical models have shown promise in MS and T1DM, with ongoing
research focused on optimizing delivery systems and minimizing unintended immune activation.’> mRNA-based therapies
operate by delivering synthetic mRNA molecules encoding specific antigens, immunomodulatory proteins, or regulatory
elements into host cells-typically via lipid nanoparticles (LNPs).>* Once inside the cytoplasm, these mRNAs are translated
into functional proteins that can exert immune-modifying effects.’> mRNA can be engineered to encode self-antigens
implicated in autoimmune pathology.’® When expressed in a tolerogenic context-e.g. via hepatic delivery or co-expression
with immunosuppressive signals-these antigens promote T cell energy or regulatory T cell (Treg) expansion rather than
effector activation. Example: mRNA encoding myelin oligodendrocyte glycoprotein (MOG) in models of multiple sclerosis
has shown to reduce autoimmune demyelination via induction of antigen-specific Tregs. (table- 6)7
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FIGURE:4 Strategies and potential application of mRNA-based therapeutics
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TABLE:-6. Therapeutic Applications in Autoimmune Diseases

Disease Target Antigen mRNA Strategy Outcome

Multiple Sclerosis (MS) | Myelin ~ Oligodendrocyte | Tolerogenic mRNA in | Reduced EAE  scores;
Glycoprotein (MOG) LNPs increased Tregs

Type 1 Diabetes (T1D) | Insulin, GAD65 Antigen-specific Delayed disease onset in

tolerance NOD mice

Rheumatoid  Arthritis | Citrullinated Peptides DC targeting with | Reduced joint

(RA) tolerogenic payload inflammation

Systemic Lupus | IFN-regulated pathways IL-10  or PD-L1 | Amelioration of nephritis,

Erythematosus (SLE) mRNA reduced IFN signature

6.3 Epigenetic Modulation

Recent advances in immunopharmacology have focused on targeting the epigenome to re-establish immune homeostasis.>®

Epigenetic drugs, or epidrugs, include inhibitors of histone-modifying enzymes, DNA methylation modulators, and non-
coding RNA-based therapeutics. Epigenetic regulation-heritable yet reversible changes in gene expression without
alterations to the DNA sequence-has emerged as a pivotal player in the pathogenesis and treatment of autoimmune
diseases.” Epigenetic dysregulation affects immune cell differentiation, cytokine expression, and tolerance mechanisms,
contributing to the chronic inflammation and autoantigen reactivity observed in conditions like systemic lupus
erythematosus (SLE), rtheumatoid arthritis (RA), and multiple sclerosis (MS).® shown in (table-7) Epigenetic alterations,
such as DNA methylation and histone modifications, contribute to AID pathogenesis. Agents targeting these modifications,
including histone deacetylase inhibitors, are under investigation for their potential to restore immune homeostasis.®!
Understanding individual epigenetic landscapes may facilitate personalized therapeutic approaches.

TABLE:-7 Epigenetic targets for Autoimmune diseases

Epigenetic Target | Agent Autoimmune Mechanism of | Stage
Disease Action

DNMT Decitabine SLE, RA Reactivates Treg- | Preclinical
promoting genes

HDAC Vorinostat MS, RA Suppresses Clinical trials
proinflammatory (Phase I/IT)
cytokines

HDAC Entinostat Lupus Enhances Foxp3+ | Preclinical
Tregs

miR-155 Antagomir RA, SLE Reduces Th17 cell | Preclinical
differentiation

BET Proteins | JQI Lupus, IBD Inhibits Preclinical

(BRD4) inflammatory gene
transcription

6.4 Artificial Intelligence in Precision Medicine

The large and complicated category of conditions known as autoimmune diseases is defined by an aberrant immune
response directed against the body's own tissues.% Protecting the body from foreign invaders like bacteria, viruses, and
other diseases is the main job of the immune system in a healthy person.® It accomplishes this by differentiating between
self and non-self-antigens, a function that depends on a finely synchronized cell and signaling molecule network.® This
self-recognition process malfunctions in people with autoimmune illnesses, though, and the immune system unintentionally
targets its own cells, tissues, or organs.®” Chronic inflammation, tissue damage, and reduced organ function are all possible
outcomes of this abnormal immune response, which can lead to serious morbidity and, in extreme situations, death.%?
Artificial intelligence (Al) and machine learning algorithms are increasingly utilized to analyze complex immunological
data, predict disease trajectories, and identify optimal therapeutic regimens.® Al-driven models can integrate genomic,
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transcriptomic, and clinical data to tailor treatments, enhancing efficacy and reducing adverse effects.”” The field of
precision medicine is similarly experiencing rapid growth.(figure-5)7! Precision medicine is perhaps best described as a
health care movement involving what the National Research Council initially called the development of “a New Taxonomy
of human disease based on molecular biology,””* or a revolution in health care triggered by knowledge gained from
sequencing the human genome.”® The field has since evolved to recognize how the intersection of multiomic data combined
with medical history, social/behavioural determinants, and environmental knowledge precisely characterizes health states,
disease states, and therapeutic options for affected individuals.” For the remainder of this paper, we will use the term
precision medicine to describe the health care philosophy and research agenda described above, and the term personalized
care to reflect the impact of that philosophy on the individual receiving care.” Precision medicine offers healthcare
providers the ability to discover and present information that either validates or alters the trajectory of a medical decision
from one that is based on the evidence for the average patient, to one that is based upon individual’s unique characteristics.’®
It facilitates a clinician’s delivery of care personalized for each patient.”” Precision medicine discovery empowers
possibilities that would otherwise have been unrealized.”® Al can find patterns and correlations in these intricate datasets
that are difficult for human therapists or conventional statistical techniques to detect.”’Al algorithms can combine many
kinds of data to create predictive models that improve the accuracy of autoimmune disease detection.®® For example, based
on minor variations in clinical, serological, and genetic data, machine learning models can be trained on sizable patient
data sets to distinguish between autoimmune conditions that exhibit comparable symptoms,?! such as rheumatoid arthritis
and systemic lupus erythematosus.®? This may improve patient outcomes by enabling prompt action and drastically cutting
down on diagnostic delays.33Al is essential for finding biomarkers for autoimmune disorders. For the diagnosis, prognosis,
and tracking of treatment response, biomarkers are essential.3* However, because of the intricate pathophysiology and wide
range of disease manifestations, it has been difficult to find trustworthy biomarkers for autoimmune diseases. 3’
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FIGURE:- 5 Dimensions of synergy between Al and precision medicine.

7. FUTURE PERSPECTIVES

Precision immunomodulation, nanomedicine, and systems biology integration are likely to influence it. According to
predictions, drug targeting will be improved and off-target toxicity will be decreased by deep phenotyping of autoimmune
profiles using multi-omics and Al-guided analytics. Furthermore, by enabling localized release and fewer systemic adverse
effects, nanocarrier-based delivery methods have the potential to enhance the pharmacokinetics of immunotherapeutics.
These are being investigated to deliver immunosuppressants, siRNAs, or antigens straight to inflammatory organs or
lymphoid tissues. Using computational epitope mapping to create peptide-based immunotherapies that restore
immunological homeostasis without widespread immunosuppression of autoreactive immune cells is another crucial step
in the development of reverse vaccinology platforms for autoimmune tolerance induction. A new era in AID treatment is
being ushered in by the combination of customized medicine, targeted immunotherapies, and cutting-edge technologies.
Ongoing research aims to refine these approaches, ensuring sustained efficacy, safety, and accessibility. Collaborative
efforts between clinicians, researchers, and technologists are essential to translate these innovations into clinical practice.
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8. CONCLUSION

In this review of autoimmune diseases, several key points have emerged: autoimmune diseases involve the immune system
mistakenly attacking the body's own tissues, Broad-spectrum immunosuppression is giving way to focused
immunomodulatory approaches, marking a significant shift in the field of immunopharmacology for autoimmune disorders.
In order to restablish immunological tolerance and reduce systemic toxicity, recent developments point to a critical shift
toward the use of cell-based treatments, precision biologics, and metabolic pathway modification. Remarkably, adoptive
cellular therapies-like CAR-T cells-that were first created for cancer are now being modified for autoimmune reasons while
showing encouraging preclinical and early clinical results. A new paradigm in the treatment of autoimmune diseases is
represented by these approaches in conjunction with innovative small-molecule drugs that specifically block important
inflammatory signaling pathways, such as BTK and JAK/STAT inhibitors. Additionally, a growing focus on
immunometabolism and metabolic reprogramming has created new opportunities for context-specific immune response
modulation. These revelations highlight how crucial it is to integrate immunology, pharmacology, and metabolism at the
systems level when developing new drugs. Not with standing these developments, there are still obstacles in getting these
treatments from the lab to the patient's bedside. Disease etiology heterogeneity, the requirement for reliable biomarkers.
the field of immunopharmacology is poised at the frontier of precision medicine, with promising therapeutic modalities
that are increasingly mechanism-specific and patient-centric. Continued interdisciplinary collaboration will be critical to
refine these therapies and ensure equitable access for patients suffering from autoimmune diseases. Immunopharmacology
has significantly advanced the treatment landscape of autoimmune diseases, moving from broad immunosuppression to
targeted, personalized interventions. Emerging therapies, including inverse vaccines, tolDCs, CAR-T cells, and mRNA-
based treatments, offer the potential for durable remission with minimal systemic toxicity. Continued research and clinical
trials are imperative to validate these strategies and integrate them into standard care, ultimately improving outcomes for
patients with AIDs.
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