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Abstract

Autoimmune diseases (ADs) arise when the immune system erroneously attacks self-tissues, often due to a breakdown in self-
tolerance. These conditions, influenced by genetic and environmental factors, are increasingly linked to bacterial infections 
as significant triggers. A healthy immune system protects the body against infections. However, when the immune system 
malfunctions, it attacks healthy cells, tissues, and organs of the body. This malfunction or dysfunction is called autoimmune 
disease and can affect any part of the body, impairing psychological function and potentially becoming fatal. This review 
explores how bacterial pathogens such as Helicobacter pylori, Campylobacter jejuni, and Mycobacterium tuberculosis contribute 
to autoimmunity through mechanisms like molecular mimicry, bystander activation, and epitope spreading. These processes 
provoke cross-reactive immune responses, amplify immune dysregulation, and exacerbate tissue damage. Epidemiological 
and experimental studies reveal strong associations between bacterial infections and diseases like Guillain-Barré syndrome, 
rheumatoid arthritis, and sarcoidosis. By analyzing the interactions between these pathogens and immune mechanisms, the 
review highlights the pivotal role of bacteria in disrupting immune tolerance and driving autoimmune disease progression. 
Moreover, therapeutic strategies such as antibiotics, immunomodulators, and vaccines targeting bacterial-induced 
autoimmunity offer promising avenues for prevention and treatment. Understanding the mechanisms of bacterial action 
provides valuable insights into the development of effective diagnostics, preventive measures, and therapies. This review 
emphasizes the need for continued research on bacterial pathogenesis in autoimmunity, particularly among genetically 
susceptible populations, to refine targeted clinical approaches and improve outcomes in these complex diseases.
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Interferon-gamma; IL-17: Interleukin-17; HBHA: heparin-
binding Hemagglutinin Adhesin; SAG: Superantigen; TCR: 
T Cell Receptor; APCs: Antigen-presenting Cells; LCMV: 
Lymphocytic Choriomeningitis Virus; Cx: Connexins; 
NOD: Non-obese Diabetic; R-EAE: Relapsing Experimental 
Autoimmune Encephalomyelitis; TLRs: Toll-like Receptors; 
PAMPs: Pathogen-Associated Molecular Patterns; Tregs: 
Regulatory T Cells; T1D: Type 1 Diabetes; IBD: Inflammatory 
Bowel Disease; MS: Multiple Sclerosis; ARF: Acute Rheumatic 
Fever; RHD: Rheumatic Heart Disease; RAV: Rat Autoimmune 
Valvulitis; OMVs: Outer Membrane Vesicles.

Introduction

Overview of Autoimmune Diseases

Autoimmune diseases occur when the body’s immune 
system mistakenly attacks its own cells, tissues, and organs, 
failing to recognize them as part of itself. Paul Ehrlich, a 
German immunologist, first described this phenomenon in 
the 20th century as Horror autotoxicus, meaning the body’s 
immune cells attacking itself [1]. Autoimmune diseases (ADs) 
involve the overactivation of specific immune cells called T 
cells and B cells, even when there are no infections or obvious 
triggers [2]. These diseases are influenced by factors such as 
lifestyle, environment, genetics, and hormones, although their 
exact causes remain unclear. Despite advances in diagnosis 
and treatment, there is still limited understanding of how 
autoimmune diseases develop and lead to health problems 
[3]. As of 2015, autoimmune diseases affected 19.1% of people 
globally, with rheumatologic disorders showing the largest 
increase [4,5]. Common examples include rheumatoid arthritis 
(which damages joints), type 1 diabetes (which targets insulin-
producing cells), and systemic lupus erythematosus (which 
causes widespread inflammation) [2] (Table 1).

Disease Affected 
Organ(s) Common Symptoms

Rheumatoid 
Arthritis Joints Joint pain, swelling, 

stiffness
Multiple 
Sclerosis

Central 
Nervous System

Numbness, weakness, 
vision problems

Type 1 Diabetes Pancreas Frequent urination, 
excessive thirst

Systemic Lupus 
Erythematosus Multiple organs Fatigue, joint pain, 

skin rashes
Table 1: Common Autoimmune Diseases and Their Clinical 
Manifestations.

Role of Self-Tolerance in Immunity

The immune system can usually tell the difference 
between the body’s own tissues (self) and harmful invaders 

like bacteria (non-self). This ability is called self-tolerance [6]. 
Self-tolerance is maintained through two main mechanisms:

Central Tolerance: Immature immune cells that mistakenly 
recognize the body’s tissues as harmful are eliminated or 
altered before they fully develop. This process happens in the 
bone marrow (for B cells) or the thymus (for T cells). Cells 
that strongly react to self-antigens are either destroyed or 
modified to prevent them from causing harm [7,8].

Peripheral Tolerance: Some immune cells that escape 
central tolerance can move to other parts of the body. 
Peripheral tolerance ensures these cells remain inactive or 
are regulated to prevent damage. If this system fails, it can 
lead to autoimmune diseases, especially those affecting 
specific organs [9].

Emerging Evidence Linking Bacterial Pathogens 
to Autoimmunity

Recent research suggests that bacterial infections may 
play a significant role in triggering autoimmune diseases. 
Key mechanisms include bystander activation, bacterial 
superantigens, and molecular mimicry.
Bystander Activation: Infections can activate immune cells 
in a way that doesn’t depend on specific antigens, leading to 
widespread immune activity and unintended damage to the 
body’s tissues [10].

Superantigens: Some bacteria produce proteins called 
superantigens that overstimulate immune cells, causing 
severe inflammation and damage. This uncontrolled 
activation can result in symptoms like fever, shock, or even 
death [11].

Molecular Mimicry: Certain bacterial proteins resemble 
the body’s own proteins, causing the immune system to 
attack both the bacteria and the body’s tissues, breaking self-
tolerance [12].

The implication of infections in the cause of autoimmune 
diseases, has been demonstrated by the study of animal 
models [13]. Epidemiological evidence indicates that 
Chagas’ illness is caused by a Trypanosoma cruzi infection, 
while rheumatic fever follows a streptococcal infection 
[14]. Numerous autoimmune illnesses can be triggered by 
an H. pylori infection [15]. Helicobacter pylori can trigger 
autoimmunity through prolonged interaction with the 
host immune system, leading to molecular mimicry and 
activation of cross-reactive T cells [15]. Cross-reactive T cells 
are activated by molecular mimicry of H. pylori antigens, 
which may result in autoimmune gastritis. However, there 
is evidence that H. pylori infection may have a protective 
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impact in certain conditions, such as inflammatory bowel 
disease [16]. Also, Campylobacter jejuni, a major global 
cause of gastroenteritis, is known to be the causal agent 
of Guillain-Barré syndrome (GBS). GBS pathogenesis is 
significantly influenced by molecular mimicry and a cross-
reactive immunological response, at least in situations where 
ganglioside antibodies and a prior C. jejuni infection are 
present [17] (Figures 1 & 2).

Figure 1: Bystander-activated memory CD8+ T cells, 
driven by IL-15 and CCR5 induce NKG2D-mediated liver 
damage during acute Hepatitis A Virus infection.

Figure 2: Overview of mechanisms of autoimmune 
diseases, highlighting molecular mimicry and bacterial 
pathogenesis (created in canva.com accessed on 19 
December 2024).

Mechanisms of Autoimmune Disease 
Development

Self-Tolerance: Mechanisms and Breakdown

The primary abnormality in ADs is the loss of self-
tolerance, which makes immune cells incapable of 
differentiating between “self” and “non-self” antigens. 
This means that, aside from its poor target selection, the 
autoreactive immune system is working “within normal 
limits” to eradicate threats [18]. When the immune system 
mounts a defense against foreign antigens, anti-self reactions 
are typically produced; however, autoimmune illness only 
arises when autoimmunity is poorly controlled [19].

Genetic and Environmental Factors

Numerous genetic variants have been implicated 
in various ADs by a significant number of genome-wide 
association studies. The majority of the variations are found in 
the regulatory areas of genes whose byproducts are thought 
to be involved in immunological responses. According to the 
odds ratio, each gene has a negligible contribution to a given 
disease, and it is likely that several polymorphisms influence 
the onset of a patient’s illness [20]. Most autoimmune 
illnesses are caused by a combination of hereditary variables 
rather than being monogenic. Despite the fact that several 
preliminary investigations have linked human autoimmune 
disorders to the major histocompatibility complex (MHC), 
which the gene products are termed human leukocyte 
antigens (HLAs) in humans [21]. Families with Mendelian 
multi-organ autoimmune disease syndromes were found 
to have mutations in the gene encoding CTLA4 [22]. 
Environmental factors like exposure to chemicals, nutrition, 
and diseases can also influence immune responses resulting 
to increased risk of ADs, for instance, infections can lead to 
inflammation or trigger dormant self-reactive cells which in 
turn cause specific abnormalities in the gut microbiota and 
might change immunological homeostasis [23].

Role of Gut Microbiome in Autoimmune 
Diseases

The gut microbiome has recently emerged as a key player 
in the development of autoimmune diseases. An imbalance 
in this microbial community, known as dysbiosis, can lead to 
a cascade of inflammatory and immune-deregulatory effects 
[24]. Dysbiosis, often triggered by factors like environment, 
diet, xenobiotics, infection, and inflammation [25], can 
disrupt the delicate balance between the gut microbiota and 
the immune system. A healthy gut microbiota is essential 
for a robust immune response. However, dysbiosis can 
lead to aberrant immunological responses [26]. Beyond 
inflammation and oxidative stress, gut dysbiosis can also 
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contribute to insulin resistance and dysregulated immune 
responses. Chronic dysbiosis and the subsequent leakage 
of microbiota and their metabolites can increase the risk 
of various health conditions, including type 2 diabetes, 
cardiovascular disease, autoimmune diseases, inflammatory 
bowel disease, and certain cancers [27].

Several mechanisms link gut microbiota imbalance 
to autoimmune diseases. For instance, dysbiosis can alter 
the host immune response, activate antigen-presenting 
cells (APCs) like dendritic cells (DCs), and trigger antigen 
presentation and cytokine production. These factors can 
influence T cell differentiation and function [28]. Conditions 
such as rheumatoid arthritis, multiple sclerosis, type 1 
diabetes, and systemic lupus erythematosus have been 
associated with gut microbiota imbalances [29].

Molecular Mimicry: A Key Driver in Autoimmune 
Pathogenesis

Molecular mimicry is one of the main ways that chemical 
or viral agents can cause autoimmunity. It happens when 
foreign and self-peptide similarities favor a foreign-derived 
antigen’s activation of autoreactive T or B cells in a susceptible 
person [30]. Molecular mimicry involves a group of cross-
reactions that target specific host proteins implicated in 
autoimmune reactions and illnesses. An autoimmune disease 
may therefore be triggered by molecular mimicry that is first 
triggered as a host reaction to a virus or microbial infection, 
but can also cross-react with a suitable host-antigen [31]. 
Numerous molecular mimicry pathways between H. pylori 
and the host have been suggested as a pathogen tactic 
to influence the host’s immune system in order to evade 
detection and prevent eradication [32].

Bacterial Pathogens Implicated in 
Autoimmunity

Helicobacter pylori and Autoimmune Gastritis

Helicobacter pylori is a spiral-shaped, Gram-negative, 
flagellated, microaerophilic, extracellular bacterium that 
resides in the human gastric submucosa. It possesses a unique 
ability to colonize the gastric mucosa despite the stomach’s 
acidic pH, facilitated by virulence factors such as the urease 
enzyme and flagella, which are critical for colonization [33]. 

H. pylori colonizes the gastric mucosa despite the 
stomach’s acidic pH, aided by virulence factors such as 
urease, flagella, and toxins like cytotoxin-associated gene 
A (CagA) and vacuolating cytotoxin A (VacA), which are 
crucial to its pathogenicity [34]. These factors are associated 
with various gastrointestinal conditions, including chronic 
gastritis, ulcers, and gastric cancers [33].

H. pylori infection triggers robust immune responses, 
including the recruitment of neutrophils and macrophages, 
leading to chronic inflammation and persistent infection [35]. 
By employing mechanisms like molecular mimicry, where 
H. pylori antigens resemble host antigens, it can provoke 
autoimmune responses. This results in the production of 
autoantibodies and inflammatory cytokines, such as TNF-α, 
IL-6, and IL-8 [33], contributing to systemic inflammation 
and immune dysregulation [33]. Specifically, CagA-positive H. 
pylori strains have been implicated in autoimmune gastritis. 
These strains induce systemic inflammatory responses 
that damage gastric parietal cells, impair acid secretion, 
and contribute to chronic atrophic gastritis. The interplay 
between bacterial virulence factors and host immune 
responses is now recognized as pivotal in the progression of 
both gastric and autoimmune diseases [36,37].

Rheumatoid Arthritis: (RA) is an autoimmune, chronic 
inflammatory disorder that causes irreversible joint deformities 
and functional impairment. The exact cause of Rheumatoid 
Arthritis, like other connective tissue illnesses, remains 
unknown. Several autoimmune diseases, including rheumatoid 
arthritis, immune thrombocytopenic purpura (ITP), and 
autoimmune thyroid diseases, have been linked to pylori H  [33]. 
Specific conditions where H. pylori play a suspected or proven 
role include chronic urticaria, Sjögren’s syndrome, and psoriasis  
[38]. H. pylori have been shown to perform a protective role, in 
developed countries, the prevalence of H. pylori has decreased 
while childhood asthma and other allergy disorders have 
increased. Various research has related these phenomena. 
According to Lim JH, et al. [39], there is an inverse relationship 
between H. pylori infection and asthma in young adults. The 
study suggests that the immune mechanism triggered by H. 
pylori infection may impact allergic reactions associated with 
asthma in this population due to its low prevalence [40]. The 
relationship between H. pylori and autoimmune diseases varies 
geographically and among populations, indicating that host 
and environmental factors significantly influence outcomes 
[34]. Similarly, Streptococcus pyogenes has been implicated 
in autoimmunity through molecular mimicry. Its M-proteins 
exhibit structural similarities with human tissues, such as 
cardiac myosin and valvular endothelium, leading to cross-
reactive immune responses. This phenomenon underpins the 
pathogenesis of rheumatic heart disease (RHD), where immune-
mediated valve destruction occurs. Genetic predispositions 
further exacerbate autoimmune outcomes in individuals, and 
ongoing vaccine research aims to mitigate these post-infection 
complications  [36,41].

Mycobacterium Tuberculosis and Autoimmune 
Diseases

Chronic infection with Mycobacterium tuberculosis (Mtb) 
has been implicated in autoimmune diseases, particularly 
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systemic lupus erythematosus (SLE) and sarcoidosis. The 
relentless stimulation by mycobacterial antigens produces an 
acquired state of immune activation to induce self-tolerance 
through a cascade of events involving overly active T cells, 
chronic antigen presentation, and disturbed control of the 
immune response [42,43]. Mtb infection evokes Th1 and Th17 
pathways and both have been implicated in autoimmunity. 
The Th1 pathway, induced by interferon-gamma (IFN-γ) 
secretion, leads to inflammatory responses, while the Th17 
pathway, mediated by the production of interleukin-17 
(IL-17), sustains neutrophilic inflammation and preserve 
tissue injury [44]. Overall, these create a pro-inflammatory 
setting for autoimmune diseases. Granuloma formation, a 
defining feature of Mtb infection, shares some similarities 
in the pathogenesis of tissue damage of sarcoidosis [45,46]. 
Similarly, the production of autoantibodies in SLE patients 
with latent or active tuberculosis can be explained by 
molecular mimicry and epitope spreading [47].

Granulomas balance the containment of latent Mtb 
and the risk of tissue damage. This balance depends on 

the dynamic interplay between M1 macrophages (pro-
inflammatory) and M2 macrophages (anti-inflammatory). 
Immune dysfunction destabilizes this equilibrium, leading 
to granuloma necrosis, caseation, and increased tissue 
injury [48,49]. Mtb’s survival mechanisms, such as inhibiting 
phagosome maturation and modulating cytokines through 
proteins like mammalian cell entry proteins (Mce) and 
heparin-binding hemagglutinin adhesin (HBHA), contribute 
to its persistence and immune evasion [50,51].

The systemic dissemination of Mtb accentuates its 
involvement in extrapulmonary diseases and its role in 
chronic, multi-system conditions. Genetic differences can 
affect how the body responds to infections like tuberculosis 
and the risk of developing autoimmune diseases [52]. 
Recent advances in immunological profiling provide detailed 
insights into the interplay between chronic Mtb infection and 
immune-mediated pathology, emphasizing the importance 
of addressing latent infections in autoimmune disease 
management [53,54] (Table 2).

Bacterial Pathogen Mechanism Associated Conditions

Mycobacterium tuberculosis. Mtb invokes both Th1 Th17 pathways, overall both creates 
a pro-inflammatory setting for autoimmune disease. SLE, Sarcoidosis.

Helicobacter pylori. H. pylori colonizes the gastric mucosa aided by urease, 
flagella, CagA and VaCA which triggers immune resonses.

Chronic gastritis, ulcers, gastric 
cancers.

Helicobacter pylori (although 
not a clearly known causal 

agent).

It is suspected that the mechanism involves infiltration 
of inflammatory cells into the joints, which results in 

destruction of bones and cartilages.

Rheumatoid arthritis, ITP, 
autoimmune thyroid disease, 
psoriasis, chronic urticarial.

Table 2: Bacterial Pathogens, Mechanisms, and Associated Autoimmune Diseases.

Mechanisms by which Bacteria Contribute 
to Autoimmunity

Molecular Mimicry and Cross-Reactivity

The concept of molecular mimicry, first proposed 
by Raymond Damian in 1964, describes antigen sharing 
between pathogens and hosts. Pathogens develop structures 
resembling host components, aiding immune evasion. 
However, this resemblance can lead to autoimmunity when 
the immune system targets host tissues sharing structural 
similarities with pathogen antigens [55,56]. Molecular 
mimicry initially referred to microbial mimicry of host 
antigens to avoid immune responses. However, it has now 
been expanded to include the triggering of autoimmune 
reactions due to structural similarities between pathogen 
antigens and host proteins. These similarities can provoke 
the production of autoreactive antibodies, leading to tissue 
damage, particularly when the mimicked self-determinants 
play essential biological roles [57,58].

Four distinct types of mimicry have been identified:
• Sequence and structural similarity in full-length proteins 

or domains.
• Structural similarity without sequence homology, 
• Mimicry of short protein motifs.
• Interface mimicry, where binding surface architectures 

resemble each other despite sequence differences [55].

Advances in bioinformatics have revealed shared 
epitopes between pathogens and hosts, linking mimicry 
to autoimmune diseases such as multiple sclerosis, type 1 
diabetes, and systemic lupus erythematosus. For example, 
Srinivasappa showed that 3.5% of monoclonal antibodies 
against viruses cross-reacted with normal tissues in 
uninfected mice [55,58-61].

Superantigens and Polyclonal T Cell Activation

The term superantigen (SAG), introduced by White, et al. 
[62], describes bacterial proteins that bind the variable region 
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of the T cell receptor (TCR) β chain and MHC-II molecules 
on antigen-presenting cells (APCs). This interaction causes 
widespread CD4+ and CD8+ T cell proliferation, triggering 
intense immune activation. Acute effects of SAGs include 
food poisoning and toxic shock syndrome, while chronic 
exposure has been linked to autoimmune diseases, such 
as multiple sclerosis, and immunodeficiencies, including 
those associated with HIV. SAGs disrupt immune regulation, 
delaying the development of pathogen-specific immunity 
[62,63]. Superantigens, typically 22–29 kDa microbial 
proteins, can bypass conventional antigen processing to 
directly stimulate up to 20–30% of T cells with specific Vβ 
regions—10,000 times more than classical antigens. This 
immense activation raises concerns about their role in 
triggering autoimmunity by activating autoreactive T cells 
[64,65]. SAGs have two domains: an NH2-terminal β-barrel 
for MHC-II binding and a COOH-terminal α-barrel for TCR 
interaction [66].

SAGs are produced by Gram-positive bacteria, such as 
Staphylococcus aureus and Streptococcus pyogenes, Gram-
negative bacteria like Yersinia pseudotuberculosis, and 
wall-less bacteria like Mycoplasma arthritidis. Notable SAG 
families include staphylococcal enterotoxins (SEA–SEI), 
toxic shock syndrome toxin-1 (TSST-1), and streptococcal 
pyrogenic exotoxins (SPE A, C, F), along with non-pyrogenic 
types like staphylococcal exfoliative toxins [63,67].

SAGs have been proposed as triggers of autoimmune 
diseases due to their ability to activate self-reactive T 
cells. In multiple sclerosis, for example, bacterial and viral 
peptides activate T cells specific to myelin basic protein. This 
persistent Vβ-specific T cell proliferation may amplify clones 
that cross-react with self-antigens, inducing autoimmunity 
even after SAG exposure ends [67,68].

Mechanisms by which SAGs contribute to autoimmunity 
include:
• Aberrant Th-B cell interactions leading to autoantibody 

production.
• Direct activation of B cells independent of T cells.
• Sustained activation of self-reactive T cells [66].

SAGs have been implicated in autoimmune conditions 
like Kawasaki syndrome, diabetes, rheumatoid arthritis, 
and atopic dermatitis, although direct evidence of their role 
remains elusive [63].

Bystander Activation and Inflammatory 
Responses

Bystander activation refers to the indirect or nonspecific 
activation of autoreactive B and T lymphocytes due to 
inflammatory conditions during infections. The phenomenon 
first reported in 1996 by Tough, et al. can trigger a chain 
reaction where activation of one immune system arm 

stimulates the other, mediated by indirect signals such as co-
signaling receptor ligands, cytokines, chemokines, pathogen-
associated molecular patterns, and extracellular vesicles with 
microbial particles [61,69]. Bystander T cells were initially 
identified in lymphocytic choriomeningitis virus (LCMV), 
vaccinia virus, and vesicular stomatitis virus murine infection 
models, where diverse polyclonal T cells proliferated and 
expanded. Bacterial products like lipopolysaccharide (LPS) 
have also been linked to nonspecific T cell stimulation, as 
demonstrated by LPS injections in mice [70].

Under normal conditions, bystander activation 
contributes to processes like B cell development, homeostasis, 
and apoptotic particle clearance. In some infectious diseases, 
it is crucial for counteracting microbial substances that 
inhibit or hijack the immune response. However, bystander 
activation can also lead to autoimmune diseases by triggering 
autoreactive lymphocytes. Evidence links this mechanism to 
autoimmune conditions such as type 1 diabetes, rheumatoid 
arthritis, autoimmune thyroid disease, multiple sclerosis, 
systemic lupus erythematosus, and autoimmune hepatitis 
[71].

Mechanisms of Bystander Activation in Bacterial 
Infections:

Cellular Coreceptor Induction: Bacterial LPS can stimulate 
non-antigen-specific T cells and other immune cells like 
dendritic cells (DCs) by upregulating CD86 and promoting 
IFN-γ production.
Gap Junction Communication: Bacteria use gap junctions 
composed of connexins (Cx) to transmit pathogen recognition 
signals between adjacent cells, enhancing the bystander 
effect.
Soluble Mediator Activation: Bacteria like Legionella 
pneumophila and Chlamydia trachomatis activate neighboring 
cells via soluble mediators.
Particle Exchange: Macrophages infected with Bacillus 
Calmette-Guérin or Mycobacterium tuberculosis release 
bacteria-containing exosomes that promote cytokine 
production in naïve macrophages [69].

 
Epitope Spreading and Tissue Damage 

Epitope spreading occurs when chronic infections lead 
to microbial antigens being taken up by antigen-presenting 
cells (APCs). These APCs present microbial antigens to 
T cells, initiating an inflammatory response that causes 
tissue damage. This damage exposes self-antigens, which 
are also taken up by APCs and presented to autoreactive T 
cells, resulting in immune attacks on the body’s tissues. This 
process extends the immune response from microbial antigen 
epitopes to non-cross-reactive self-epitopes, contributing to 
autoimmunity [61,69,72].
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Epitope spreading is when the immune system expands 
its attack from one specific target to other similar targets 
in the body over time. This broadening enhances immune 
efficiency by optimizing antigen recognition and neutralizing 
antibody functions. However, in autoimmune diseases, ES 
varies among individuals and may follow a hierarchical 
structure based on factors like antigen processing, MHC 
restriction, and epitope-specific lymphocyte availability 
[73,74].

In autoimmune conditions, ES often involves immune 
responses to self-antigens in previously inaccessible 
compartments. These hidden or cryptic epitopes become 
immunologically visible due to tissue damage during 
chronic infection or autoimmunity. Immune responses 
can spread intramolecularly, within the same molecule, or 
intermolecularly, across different molecules [71]. Although 
ES is a normal immune process that enhances antibacterial 
and antitumor responses, it becomes harmful when directed 
at self-antigens. ES strengthens immune defense by targeting 
multiple molecular structures, making it harder for pathogens 
to evade immunity through mutations. This mechanism also 
promotes persistent immunological memory and robust 
secondary responses, preventing immune evasion and 
accelerating cross-reactive antigen responses [72].

However, when ES involves self-antigens, it can bypass 
clonal selection mechanisms, leaving the immune system 
vulnerable to attacking the body. For example, in type 1 
diabetes, initial autoimmunity targets the B9-23 region of 
insulin but spreads to other beta-cell antigens as the disease 
progresses. Mechanisms like endocytic processing, antigen 
presentation, and somatic hypermutation contribute to the 
broadening of immune responses in such diseases [75]. 
Animal models have provided valuable insights into ES 
in autoimmune diseases. Studies using murine relapsing 
experimental autoimmune encephalomyelitis (R-EAE) and 
non-obese diabetic (NOD) mice have shown that:
• Intra- and intermolecular epitope spreading can occur.
• ES follows a predictable cascade.
• Tissue damage is essential for initiating ES.
• ES plays a functional role in disease progression and 

relapse [73,76].
Autoimmune diseases involving ES include bullous 

pemphigoid, systemic lupus erythematosus, multiple 
sclerosis, type 1 diabetes, rheumatoid arthritis, scleroderma, 
Graves’ disease, Sjögren’s syndrome, Heymann nephritis, 
cardiomyopathy, and paraneoplastic pemphigus [71,77-101].

Geographic and Demographic Influences on 
Autoimmune Disease Risk

Autoimmune diseases show notable variability in 
prevalence and etiology across geographic regions and 

demographic groups, reflecting disparities in exposure 
to bacterial pathogens, environmental conditions, and 
genetic predispositions. For instance, Helicobacter pylori 
infection is significantly more prevalent in developing 
countries compared to developed nations. This difference 
stems from factors such as sanitation standards, healthcare 
access, and dietary habits. Interestingly, while H. pylori has 
been implicated in autoimmune conditions like gastritis 
and rheumatoid arthritis, it has also been associated 
with a reduced risk of allergic disorders, such as asthma, 
particularly in populations from developed countries. This 
paradoxical effect highlights the complex interplay between 
bacterial exposure and immune regulation [15,39,40].

Population-Based Studies: Epidemiological studies 
highlight how local factors shape autoimmune risk. A large 
cohort study conducted in Sweden found a 40% increased 
likelihood of rheumatoid arthritis development in individuals 
with prior Prevotella copri infections. This gut bacterium, 
linked to intestinal dysbiosis, is more prevalent in Western 
diets rich in processed foods [102-109]. Conversely, in South 
Asia, the high prevalence of Mycobacterium tuberculosis 
has been linked to autoimmune conditions like sarcoidosis 
and systemic lupus erythematosus. The immune system’s 
response to chronic tuberculosis infection, including 
granuloma formation and persistent antigen presentation, 
may create a pro-inflammatory environment conducive to 
autoimmunity [42,46,110].

Figure 3: Regional Prevalence of Selected Autoimmune 
Diseases and Associated Conditions Across Geographic 
Regions.

Meta-Analyses: Meta-analyses provide broader 
insights into these variations. A review of Campylobacter 
jejuni-associated Guillain-Barré syndrome showed a higher 
incidence in populations from South America and Southeast 
Asia. These were associated with differences in bacterial 
strains along with genetic susceptibility to immune-mediated 
nerve damage [17,103]. Likewise, differences in the virulence 
factors of H. pylori, including cytotoxin-associated gene A 
(CagA) and vacuolating cytotoxin A (VacA), are influential 
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determinants of the outcomes of autoimmune-related 
conditions. CagA-positive strains, common in East Asia, have 
been associated with a higher risk of autoimmune gastritis 
and other systemic autoimmune diseases than strains more 
common in Western countries [15,33,34] (Figure 3).

Immune Dysregulation Triggered by 
Bacterial Infections

Impact of Bacterial Components on the Immune 
System

Bacterial components such as the cell wall, membrane, 
and cytoplasmic structures play distinct roles in modulating 
immune responses. These components interact with the two 
major divisions of the immune system: innate and adaptive 
immunity [78].

Innate Immune System: The innate immune response 
is facilitated by the epithelial cells at mucosal surfaces and 
phagocytic cells in the blood, such as monocytes, granulocytes 
and macrophages [79]. Immune sensors recognize unique 
patterns on bacteria, called microbial patterns, to fight 
infections [80,81]. PRRs also detect host-derived signals 
of damage or infection, triggering a cascade of immune 
responses, including the activation of cellular defenses, the 
release of pro-inflammatory cytokines, and recruitment of 
additional immune cells [82,83]. Notably, pathogens often 
engage multiple PRRs simultaneously, eliciting specific signal 
transduction pathways that optimize the immune response 
to each pathogen [84,85].

Adaptive immune System: Bacterial components can 
also initiate the activation of adaptive immunity, involving 
the production of antibodies by B cells, the cytotoxic actions 
of T cells and helper T cells-mediated responses. The 
formation of memory B and T during this process ensures 
long-term protection against subsequent infections with the 
same pathogen [86].

Role of TLRs (Toll-Like Receptors) and Innate 
Immune Activation

Toll-like receptors (TLRs) are key members of 
the PRR family, responsible for recognizing pathogen-
associated molecular patterns (PAMPs) and initiating 
immune responses. TLRs are evolutionarily conserved and 
particularly effective in extracellular pathogen recognition 
[87,88]. Upon activation, TLRs have been demonstrated to 
induce the expression of pro-inflammatory cytokines and 
mechanisms that bridge innate and adaptive immunity, 
facilitating pathogen elimination and immunological 
memory formation [89]. Excessive TLR activation, however, 
can result in systemic inflammation and severe disease, as 

seen in cases of bacterial sepsis or chronic infections [90]. 

Disruption of Regulatory T Cells (Tregs) and 
Immune Homeostasis

Regulatory T Cells (Tregs): Regulatory T cells (Tregs) help 
keep the immune system in check by stopping other immune 
cells from overreacting [91]. Disruption of Tregs function 
can lead to a loss of immune homeostasis, manifesting as 
autoimmune diseases such as:
Type 1 diabetes (T1D): characterized by the infiltration 
into pancreatic islets leads to β-cell destruction and loss of 
insulin production [92].

Rheumatoid arthritis (RA): RA is characterized by chronic 
inflammation and polyarthritis, often involving controversial 
alterations in Treg populations that fail to control the 
immune response [93-96].

Inflammatory bowel disease (IBD): IBD is a genetically 
predisposing, chronic disease with breakdown of intestinal 
immune homeostasis, showing an exaggerated inflammatory 
response to the gut microbiota [97].

Immune Homeostasis: Immune homeostasis relies on 
a delicate balance between activation and suppression, 
mediated by cellular players and chemical factors [98]. 
Treg disruption shifts this balance, leading to unrestrained 
immune activation and chronic inflammation.

Clinical Evidence Supporting Bacteria-
Induced Autoimmunity

Conventionally, bacterial pathogens have been 
considered to induce autoimmune diseases by breaching 
mechanisms of immune self-tolerance. Clinical evidence 
to support this is reviewed in the next section which, for 
convenience, is grouped into three categories: case reports 
combined with epidemiological findings, animal model data 
and studies in humans which relate bacterial infection to 
autoimmune disease development.

Case Studies and Epidemiological Data

Case reports and epidemiological studies link bacterial 
infection with the onset of autoimmune diseases. For instance, 
Streptococcus pyogenes infection has been steadily associated 
with rheumatic fever, a model of autoimmune disease in 
which cross-reactivity between bacterial M proteins and 
cardiac myosin epitopes leads to immune-mediated cardiac 
tissue damage [99,100]. Along this line, Helicobacter pylori 
infection is associated with autoimmune gastritis, in which 
antigenic mimicry between antigens of H. pylori and gastric 
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epithelium provoke self-directed immune responses [101]. 
Epidemiological studies confirm such findings. Indeed, 
a large-scale cohort study conducted in Sweden in 2020 
showed that a history of infection with Prevotella copri, a gut 
bacterium implicated in intestinal dysbiosis, was associated 
with an increased subsequent RA development 40% by 
Rodríguez D, et al. [102]. Other population-based studies 
of postinfectious autoimmune syndromes show increased 
incidences of Guillain-Barré syndrome after Campylobacter 
jejuni infections [103]. Thus, these studies highlight the 
theory that bacterial pathogens may induce autoimmunity in 
general across different populations.

Case Studies and Clinical Data: Real-World 
Implications

Case Studies: Helicobacter pylori and Autoimmune 
Gastritis: Autoimmune gastritis, a chronic inflammatory 
condition characterized by the immune-mediated 
destruction of gastric parietal cells, has been extensively 
linked to Helicobacter pylori infection. A notable case study 
conducted in Japan reported on a 45-year-old woman 
diagnosed with autoimmune gastritis following a prolonged 
H. pylori infection. Serological tests revealed high titers of 
autoantibodies against the H+/K+ ATPase of gastric parietal 
cells. The study demonstrated that eradication therapy for H. 
pylori led to a significant reduction in autoantibody levels and 
an improvement in gastric histology, illustrating a potential 
therapeutic avenue [33,36].

In a broader cohort, A study conducted in 2022 
examined 250 patients with autoimmune gastritis and 
found that 65% had concurrent H. pylori infections [36]. 
The study highlighted molecular mimicry as a driving factor, 
where H. pylori antigens mimicked host proteins, triggering 
autoimmunity. Patients undergoing H. pylori eradication 
therapy exhibited delayed progression of autoimmune 
gastritis, further supporting the pathogen’s role in disease 
onset and management [37].

Clinical Data: Campylobacter jejuni and Guillain-
Barré Syndrome

Guillain-Barré Syndrome (GBS), an acute autoimmune 
neuropathy, is a well-documented consequence of 
Campylobacter jejuni infections. A multicenter study 
conducted across Europe analyzed 1,100 cases of GBS, finding 
that approximately 40% of patients reported recent C. jejuni 
infections. Serological testing confirmed the presence of 
ganglioside antibodies, indicating a cross-reactive immune 
response initiated by molecular mimicry between bacterial 
lipooligosaccharides and human gangliosides [17,103]. 
Similarly, a meta-analysis of 35 studies demonstrated 
that C. jejuni-associated GBS cases exhibited more severe 

clinical outcomes, including prolonged recovery times and 
higher rates of mechanical ventilation dependency. These 
findings underscore the critical need for early diagnosis and 
intervention in populations at risk [17,103].

Animal Models of Bacteria-Associated 
Autoimmune Diseases

Animal models are robust experimental systems 
that provide insight into the mechanisms by which 
bacterial pathogens trigger autoimmune diseases. For 
instance, in a mouse model of autoimmune arthritis, oral 
administration of Prevotella copri was shown to exacerbate 
joint inflammation via activation of Th17-driven pathways 
and thus demonstrated its pathogenic contribution to the 
development of rheumatoid arthritis [104]. Along the same 
line, a mouse model infected with Yersinia enterocolitica 
suggested that the LPS induced autoimmune thyroiditis in 
the infected mice through TLR-dependent inflammatory 
pathway [105]. It has also been demonstrated that the model 
of NOD-a model for Type 1 Diabetes-accelerated pancreatic 
β-cell destruction via colonization with B. fragilis was driven 
by cross-reactive T cell responses against bacterial antigens 
[106]. These models further strengthen the causative role 
played by bacterial infection in the induction and propagation 
of autoimmunity through mechanisms such as molecular 
mimicry, epitope spreading, and bystander activation.

Human Studies: Correlation between Infection 
and Autoimmune Risk

Human studies confirm evidence that bacterial infection 
predisposes one to autoimmune disease. A 2021 meta-
analysis involving 25 studies demonstrated a positive 
correlation existing between the infection with Chlamydia 
pneumoniae and an increased risk for multiple sclerosis (MS) 
[107]. Furthermore, clinically relevant studies identified 
a key role that is played by periodontal pathogens such 
as Porphyromonas gingivalis in RA, hypothesizing that 
there might be a driving of autoantibody production by 
citrullination of bacterial proteins [108].

The larger part of the evidence comes from longitudinal 
studies, especially those following patients after infection. 
One such study published in 2022 by the UK Biobank showed 
a higher incidence of SLE in patients who had previously 
suffered from recurrent urinary tract infections due to 
Escherichia coli infection; the study consequently hinted that 
prolonged exposure to bacteria might be a major risk factor 
[109]. Furthermore, high-throughput sequencing studies 
have reported the presence of bacterial DNA on autoimmune 
lesion sites; for example, Mycobacterium tuberculosis DNA in 
sarcoidosis granulomas supports that bacterial presence is 
linked to localized autoimmune pathology directly [110].
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Therapeutic Approaches and Interventions

Autoimmune diseases arise when the immune system 
mistakenly attacks the body’s own tissues, often triggered by 
infections. Bacterial pathogens are increasingly implicated 
in initiating autoimmune responses by disrupting self-
tolerance as reported by Alam Y, et al. [111]. This review 
explores key therapeutic strategies, including antibiotics, 
immunomodulatory treatments, and vaccination, aimed at 
managing or preventing infection-driven autoimmunity.

Antibiotics in Managing Bacteria-Triggered 
Autoimmune Conditions

Antibiotics are commonly considered for autoimmune 
diseases associated with bacterial pathogens. Rheumatoid 
Arthritis (RA) is one such condition where bacterial 
involvement has been observed, potentially contributing 
to disease pathogenesis. Minocycline and Doxycycline: 
Tetracycline antibiotics, especially minocycline and 
doxycycline, have shown effectiveness in RA by modulating 
immune responses [112]. 

Minocycline, for instance, exhibits both antibacterial and 
anti-inflammatory properties, which may help in reducing 
RA activity. Stone, et al. [113] noted significant improvements 
in RA symptoms with minocycline therapy. Additionally, 
a randomized controlled trial by Dell R, et al. [114] found 
that minocycline significantly reduced disease severity in 
RA patients compared to placebo. Another study by Dell R, 
et al. [115] demonstrated that doxycycline, when used with 
methotrexate, provided enhanced therapeutic outcomes for 
RA patients, though benefits were more apparent in early 
disease stages.

Macrolides: Macrolides which are a group of antibiotics 
that contain a distinctive macrocyclic lactone ring combined 
with sugars (clandinose, desosamine) like clarithromycin 
and roxithromycin have also been explored for inflammatory 
diseases like RA as stated by Kwiatkowska B and Maślińska 
M [116]. Clarithromycin was shown by Ogrendik M 
[117] to reduce disease activity in RA patients. Similarly, 
roxithromycin improved early RA outcomes compared with 
placebo, as reported in a randomized, double-blind study by 
Ogrendik M and Karagoz N [118].

Levoflaxacin: which is an oral fluoroquinolone 
antibacterial agent, is the optical s-(-) isomer of ofloxacin as 
discussed in detail by Wimer SM, et al. [119]. An experiment 
demonstrated by Ogrendik M [120] in patients with active 
rheumatoid arthritis undergoing methotrexate therapy in 
addition to levofloxacin significantly improved the signs and 
symptoms of rheumatoid arthritis, suggesting its potential 
role in improving outcomes in such cases.

Immunomodulatory Treatments Targeting 
Infection-Driven Autoimmunity:

Immunomodulatory therapies are crucial in conditions 
where bacterial infections are thought to influence 
autoimmunity. TNF Inhibitors: TNF inhibitors, such as 
infliximab and adalimumab, have transformed autoimmune 
disease management by targeting TNF-α, a cytokine involved 
in inflammation [121,122] found that TNF inhibitors 
significantly improve disease activity in RA and Crohn’s 
disease, which may involve bacterial triggers. Tanaka Y, et al. 
[123] reported sustained remission in RA patients treated 
with infliximab, underscoring the efficacy of TNF blockade.

B-Cell Depletion Therapy: Rituximab, targeting CD20-
positive B cells, has shown efficacy in RA and systemic lupus 
erythematosus (SLE) [124]. Bag-Ozbek A, et al. [125] reported 
remission in patients with SLE. Similarly, Korhonen R, et al. 
[126] suggested that rituximab had a beneficial effect in the 
treatment of RA in combination with cyclophosphamide. 
Schioppo T, et al. [127] demonstrated similar benefits in 
patients with RA, SLE and other autoimmune diseases. Toll-
Like Receptor (TLR) Modulators: Overactivation of TLRs by 
bacterial components can lead to autoimmunity. HMGB1 
and TLRs are crucial biomarkers, with ongoing clinical trials 
investigating drugs aimed at these targets, while targeting 
HMGB1 and TLRs has shown therapeutic potential, various 
limitations and challenges remain [128].

Vaccination Strategies and Prevention of 
Pathogen-Induced Autoimmunity

Vaccination aims to prevent bacterial infections that 
could trigger autoimmune diseases, thereby supporting 
immune tolerance, as current treatments primarily depend 
on broad immunosuppression which increases patients’ 
susceptibility to infections and requires lifelong therapy 
[129].

Inverse Vaccine: Inverse vaccines represent an antigen-
specific method to promote tolerance to a particular antigen. 
Unlike traditional vaccines, which train the immune system 
to identify and attack pathogens such as viruses or bacteria, 
inverse vaccines function therapeutically by teaching the 
immune system to recognize certain antigens as harmless, 
preventing it from targeting the body’s own tissues [130]. 
The innovation of inverse vaccines lies in their ability to 
specifically target and erase the immune system’s memory 
of self-antigens that it erroneously attacks in autoimmune 
diseases. Instead of broadly suppressing the immune system, 
these vaccines leverage the liver’s natural mechanisms for 
promoting immune tolerance [131]. Recent developments 
in immune tolerance and therapies for multiple sclerosis 
(MS) have focused on innovative strategies to regulate the 
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immune response. Early studies, such as those by Warren 
and Catz, explored the administration of Myelin Basic Protein 
8298 (MBP 8298) without adjuvants to train the immune 
system to ignore brain proteins. Building on this, Roland 
Martin, in collaboration with Stephen Miller, introduced 
artificial peripheral blood leukocytes bound to multiple 
myelin peptides, aiming to regulate T cell activity. Opexa 
Therapeutics also contributed by developing patient-specific 
vaccines targeting malignant T cells. In a breakthrough, 
Steinman demonstrated that a plasmid cocktail of four 
myelin proteins (MBP, PLP, MOG, and myelin-associated 
glycoprotein) significantly reduced relapse severity in MS 
mouse models [132]. More recently, advanced approaches 
have focused on leveraging peripheral immune tolerance 
in the liver by tagging antigens with N-acetylgalactosamine 
(pGal), showing promise in reversing autoimmune conditions 
like MS. Additionally, research into advanced delivery 
systems, such as PLGA microspheres and liposomes, aims to 
enhance antigen stability and release. However, challenges 
remain in identifying autoantigens, ensuring specificity, 
and managing the long timelines and costs associated with 
clinical trials, which continue to delay the commercialization 
of these therapies [131].

Streptococcal vaccines: The development of a vaccine 
for Streptococcus pyogenes, the bacterium responsible for 
rheumatic fever, has been a major area of research due to 
the potential for widespread protection against related 
autoimmune diseases [133]. Despite extensive research, 
no commercial Streptococcus pyogenes vaccine has been 
developed due to risks like autoimmune responses and 
inflammation with live-attenuated or inactivated bacteria. 
Peptide-based subunit vaccines, targeting M proteins and 
non-M protein factors, have shown promise in preclinical 
and clinical trials. Examples such as StreptAnova and MJ8VAX 
demonstrated safety and immunogenicity in animal models 
and Phase I trials [134]. S. pyogenes vaccines are categorized 
into M-protein vaccines, which focus on conserved M 
protein regions, and non-M-protein vaccines, targeting other 
common virulence factors [135]. Another promising vaccine 
candidate, the StreptInCor vaccine targets S. pyogenes using 
a 55-amino-acid structure and has shown strong immune 
responses across various HLA class II types without causing 
adverse effects in multiple animal models, indicating its 
potential as a universal and safe vaccine [136,137]. Safety 
remains a critical concern for these vaccines due to the 
potential for molecular mimicry, where S. pyogenes antigens 
cross-react with human tissues and lead to autoimmune 
conditions like Acute Rheumatic Fever (ARF) and Rheumatic 
Heart Disease (RHD). For example, the VaxiStrep vaccine, 
which uses the SpeAB fusion protein (containing inactivated 
forms of SpeA and SpeB), has been shown to be safe and 
effective in preclinical studies, with no adverse effects 
observed in mice and rabbits [131]. In terms of experimental 

models, a unique rat autoimmune valvulitis (RAV) model 
was used to assess the potential for autoimmune responses 
in vaccine trials. This model, which mimics both cardiac and 
neurobehavioral pathology following S. pyogenes infection, 
demonstrated the safety of synthetic peptide-based vaccines, 
such as those incorporating the p*17 peptide from the M 
protein and the K4S2 peptide from SpyCEP, which targets 
virulence factors involved in immune evasion [138]. Vaccine 
trials for S. pyogenes have a long history, with more than 
200,000 participants involved in over 100 years of research. 
In the 1960s, safety concerns regarding the association 
between vaccination and ARF led to regulatory restrictions 
on the use of S. pyogenes antigens in vaccines. However, 
these restrictions were lifted in 2005, and since then, 
multiple clinical trials have been conducted using M-protein-
based vaccines, such as the Hexavalent, StreptAvax, and 
MJ8VAX candidates. Despite the ongoing challenges, recent 
advancements in vaccine development continue to show 
promise in providing an effective, safe solution for preventing 
S. pyogenes infections and related autoimmune diseases 
[139].

Helicobacter Pylori Vaccine: Developing an effective 
vaccine for Helicobacter pylori (H. pylori) remains a significant 
challenge due to factors such as genetic diversity, immune 
tolerance mechanisms, and the bacterium’s ability to hide 
within cells. Despite being linked to autoimmune gastritis 
and conditions like gastric cancer, current vaccines targeting 
H. pylori have not advanced beyond early clinical trials [140]. 
Multiple vaccine approaches, including whole bacterial, 
subunit, and live vector vaccines, are being explored, focusing 
on antigens like urease, neutrophil-activating protein, and 
adhesion proteins such as BabA and OipA. While promising 
in animal models, these vaccines have not been successful 
in clinical settings, with issues around adjuvant efficacy and 
safety hindering progress [141]. Multi-epitope vaccines, 
which target multiple antigens, hold potential for better 
immunogenicity, though challenges like the large molecular 
size of H. pylori proteins persist. Epitope-based vaccines 
and advancements in immunoinformatics, including reverse 
vaccinology, are promising strategies for overcoming these 
obstacles and enhancing vaccine development [142]. In 
addition, new techniques like the ANTIGENome approach 
have identified novel antigens, such as HP1341, which 
could help improve immunogenicity and expand the pool of 
vaccine candidates [143]. To formulate an effective vaccine, 
key issues like selecting an optimal antigen and adjuvant 
need to be addressed [144]. While some adjuvants, such as 
aluminum hydroxide and LT, have been widely used, safer 
and more effective alternatives, including α-GalCer, cGAMP, 
and outer membrane vesicles (OMVs), are being explored. 
Nanomaterial-based delivery systems offer significant 
advantages in terms of antigen stability and prolonged 
immune response, though improvements in stability and 
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controlled release are still necessary. Furthermore, the 
development of vaccines suitable for children, considering 
factors like oral dosage and alternative administration 
routes, remains an important focus for future research [140].

Preventive Vaccination in Susceptible Populations: 
The identification of individuals with genetic susceptibility, 
such as specific Human Leukocyte Antigen (HLA) types, 

and targeting them with tailored bacterial vaccines could 
help prevent autoimmune responses. Vadalà M, et al. [145] 
proposed this strategy as a potential means of reducing 
the risk of autoimmune diseases in genetically predisposed 
populations. However, they also emphasized the need for 
further research to refine these approaches and better 
understand how genetic factors influence immune responses 
to vaccines [146] (Table 2).

Treatment Mechanism Advantages Disadvantages
Immunosuppressants Reduces immune activity Effective in early stages Risk of infections

Biologics Targets specific cytokines Fewer side effects Expensive
Lifestyle Interventions Diet, exercise, stress management Low cost, holistic Requires compliance

Table 2: Comparison of Treatment Modalities for Autoimmune Diseases.

Challenges and Future Directions

Limitations in Current Understanding

The association between bacterial pathogens and 
autoimmune diseases remains a complex and partially 
understood field. Although several mechanisms are 
implicated, including molecular mimicry, bystander 
activation, and superantigen-induced immune responses, 
variability in pathogen behavior and immune system 
responses makes a unified understanding difficult. For 
instance, while molecular mimicry has been implicated in 
conditions such as Guillain-Barré syndrome (often triggered 
by Campylobacter jejuni), researchers have found that not 
all bacterial infections result in autoimmunity, suggesting 
that additional factors, such as genetic predisposition and 
environmental exposures, play a substantial role [147,148]. 
Additionally, research techniques face limitations: traditional 
serology, though valuable, can lack the specificity to detect 
low-abundance autoantibodies reliably. More recent methods 
like high-throughput sequencing and proteomic profiling 
have enhanced our understanding but are still costly and not 
universally accessible. As such, understanding how bacterial 
infections initiate autoimmunity, particularly across different 
diseases, remains limited by these methodological and 
knowledge-based barriers [149].

The Need for More Research on Pathogen-
Associated Autoimmune Mechanisms

Further studies on mechanisms of pathogen-driven 
autoimmunity are necessary to clearly target those immune 
responses that might be provoked by bacterial pathogens, 
including streptococcal and Mycoplasma species, implicated 
in MS and RA, respectively, which exhibit molecular mimicry 
with self-antigens but whose exact cascades of immune 
events remain unknown. Recent research suggests that 

infections may trigger immune responses that evolve into 
chronic autoimmunity via epitope spreading or immune cell 
reprogramming [150,151]. For example, Mycobacterium 
tuberculosis may interact with host immune cells in ways that 
alter immune tolerance thresholds, though studies are still 
needed to solidify these pathways [152]. Such mechanisms 
might be further unraveled with the help of further research 
which may involve induced pluripotent stem cells and organ-
on-chip systems. Besides, more epidemiological studies 
concerning the pattern of infections among genetically 
predisposed individuals may further point out new bacterial 
associations that can lead towards pathogen-specific markers 
for diagnosis and prevention in the future [153].

Potential for Personalized Medicine in Treating 
Autoimmune Diseases Linked to Infections

The bridge between pathogens and autoimmunity 
opens new vistas for personalized medicine. Recent 
advances in genomic and proteomic analyses, combined with 
microbiome profiling, currently allow for a stratification of 
patients regarding their susceptibility to pathogen-induced 
autoimmunity. With this knowledge regarding genetic 
predisposition and the composition of a patient’s microbiome, 
it may well be feasible for the clinician to predict, in a not-
so-distant future, the likelihood of autoimmune responses 
against certain pathogens and to intervene accordingly. For 
example, patients identified with a genetic susceptibility to 
Campylobacter-triggered autoimmunity could be monitored 
for early immune response changes or receive preventive 
treatments following exposure [147,154].

Moreover, targeted immunotherapies and microbiome 
modulation therapies are being explored as ways to prevent 
and treat autoimmune diseases with known pathogen 
associations. For instance, manipulating the gut microbiome 
to promote beneficial bacteria could reduce pathogen 
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colonization, potentially mitigating autoimmune risk in 
genetically susceptible individuals. This approach could 
offer a pathway for prevention as well as personalized 
treatment, thereby reducing reliance on generalized 
immunosuppressive therapies that can compromise immune 
defense against infections [149].

Conclusion

Summary of the Role of Bacterial Pathogens in 
Autoimmune Disease Development

Recent evidence implicates bacterial pathogens as 
key contributors to autoimmune disease onset through 
mechanisms that disrupt immune tolerance, such as 
molecular mimicry, bystander activation, and epitope 
spreading. Molecular mimicry occurs when immune 
responses to bacterial antigens inadvertently target 
structurally similar self-antigens, initiating autoimmunity 
[155,156]. Studies have shown that bystander activation, 
where immune cells are non-specifically activated in 
pathogen presence, and epitope spreading, wherein immune 
responses extend to self-antigens post-infection, also play 
critical roles in autoimmune progression [157,158]. These 
findings highlight a complex interplay between bacterial 
pathogens and autoimmunity, reinforcing their significant, 
albeit indirect, role in disease development.

Implications for Diagnosis, Treatment, and 
Prevention of Autoimmunity

Recognizing bacterial involvement in autoimmune 
diseases has notable clinical implications. Diagnostically, 
understanding pathogen triggers linked to specific 
autoimmune conditions could enhance biomarkers 
for early detection [159,160]. For treatment, targeting 
pathogen-induced immune dysregulation may provide 
novel therapeutic approaches, potentially reducing 
autoimmunity severity [161]. Interventions such as targeted 
antimicrobials or probiotics could help modulate immune 
responses and restore tolerance in susceptible individuals. 
Furthermore, preventive strategies like vaccination may 
reduce autoimmune risk among genetically predisposed 
populations. Continued research on specific bacterial strains 
and host interactions is essential for advancing diagnostic 
and therapeutic strategies in autoimmune diseases.
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