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Abstract

Development and progression of Postinfectious Autoimmunie Diseases (PIAD) are stimulated by the immunogenic resources
of the host tissue and tissue-associated antigens, while the very initial (pre-early) phases were postulated and are proved today
to be mediated by mimicking epitopes. Molecular mimicry concept provides approaches to etiological agents associated with the
PIAD-driven Autoimmune Myocarditis (AIM) progression identification as well as specific prevention and treatment modalities to
control the development of AIM. Clinical heterogeneity of myocarditis makes diagnosis challenging. Given the diverse presentation
and varying course of myocarditis, personalized treatment approaches would be optimal; however, a standardized management
protocol remains elusive. Myocarditis is not only heterogeneous in its clinical presentation but also in pro-cesses governing its
pathogenesis depending on etiology. A thorough understanding of those issues is needed to optimize patient care, implement new
smart therapeutic strategies as well as to better understand factors that influence clinical presentation, patient outcomes, and
response to treatment. Recent translational studies sug-gest that targeted and/or multi-targeted treatments tailored to specific
causes of AIM may impact clinical out-comes when added to guideline-directed medical care. Soon, genotyping and phenotyping
results combined and consolidated under the aegis of IT-assisted algorithms will be used for the creation of unified data-banks
necessary for personal health biomonitoring of PIAD-driven AIM. The novel diagnostic ideology is expected to be based on a
combination of two categories of investigations:

i. Pathogenically oriented (OMICS-based) diagnosis of PIAD.
ii. Screening of microbial pathogens (microbiome-related profiling) as the main causal factors of AIM.

And until more definitive studies have been reported, individual patient decisions should be made with shared decision-making
that includes the uncertainties in our present knowledge of myocarditis management strategies.

Abbreviations: PIAD: Postinfectious Autoimmune Diseases; AIM: Autoimmune Myocarditis; Abs: Antibodies, Ags: Antigens; CTLs:
Cytotoxic T-Cells; APS: Antiphospholipid Antibody Syndrome; EBV: Epstein-Barr Virus; CMV: Cytomegalovirus; SLE: Systemic Lupus
Erythematosus; T1D: Type 1 Diabetes; MS: Multiple Sclerosis; MGO: Myelin Glycoprotein Oligodendrocyte; CVB3: Coxsackievirus
B3; DCM: Dilated Cardiomyopathy; PIM: Primary Infectious Myocarditis; CRM: Clinical Reversible Myocarditis

Keywords: Autoimmune diseases, Autoimmune myocarditis, Autoimmune inflammation, Personalized treatment, Anti-idiotypic
antibodies, Autoantibodies, Dilated cardiomyopathy, Biomarkers, Post-infectious auto-immune disorders, Viruses, Infection,

Targeted Drugs

Introduction

Autoimmune diseases represent a significant burden on global
health. While genetics play arole, environmental factors, particular-
ly infections, are increasingly recognized as pivotal triggers for au-
toimmunity, with mechanisms such as molecular mimicry, epitope
spreading, and bystander activation contributing to the onset and
severity of autoimmune diseases. Infections can instigate pro-in-
flammatory cell death programs, induce the release of host nuclear
autoantigens, and promote their recognition by the immune sys-
tem, leading to an autoimmune response mediated by autoreactive
T and B lymphocytes. The complex interplay between microbial an-
ti-gens and the immune system can result in the production of au-
toantibodies and autoreactive cytotoxic T cells, exacerbating tissue
damage and contributing to the heterogeneous spectrum of auto-
immune diseases. Understanding the intricate mechanisms under-
lying infection-induced autoimmunity is essential for developing
targeted therapeutic interventions. By clarifying the role of anti-id-
iotypic antibodies in regulating autoantibody levels and exploring
the potential of antigen-specific immunotherapy, there is promise
for tailored treatments that selectively suppress autoimmune re-
sponses while preserving normal immune function. Furthermore,
advancements in biomarker discovery and omics-based approach-
es offer the potential for predictive diagnostics and personalized
therapies, enabling early intervention and prevention of autoim-
mune dis-eases. Through a multidisciplinary approach integrating

basic and translational research, there is hope for the development
of individualized treatments that target specific immune pathways,
ultimately improving outcomes for patients with autoimmune dis-
eases.

The Mechanism of Autoimmune Disease Deve-
lopment

There are more than 150 identified autoimmune diseases [1],
which are chronic pathologies triggered by the loss of immunolog-
ical tolerance to self-antigens, which can cause systemic or organ
specific damage.

Meanwhile, multiple factors are thought to contribute to the
development of immune response to self, including genetics and
environment. Among a variety of the environmental (exposomal)
factors, the most important triggers of autoimmunity, that can con-
tribute to autoimmune disease onset and severity, are infections to
induce the autoimmunity-related conditions. Autoimmunity con-
ditions and/or autoimmune-related risks occur when the immune
system recognizes and attacks host tissue. In addition to genetic
factors, environmental triggers (in particular, viruses) are thought
to play a key provocative role in the development of autoimmune
conditions and diseases as well. And thus, a strong immune re-
sponse to an invading pathogen could disrupt the systemic regula-
tion and control leading to autoimmunity, whilst creating autoanti-
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bodies (auto Abs) and Autoreactive Cytotoxic T Cells (auto CTLs) to
attack the tissue(s) and causing destruction to the tissue and organ
structure. And since any body part can be involved in, due to the
wide variety of possible Abs and CTLs that can be produced, spec-
trum and symptoms of autoimmune diseases vary greatly [1,2].

Infection Agents and Autoimmune Diseases

Infections can instigate pro-inflammatory cell death programs,
induce extracellular release of host nuclear autoantigens, and pro-
mote their recognition in an immunogenic context by activating
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the innate and adaptive immune systems. Autoimmune response
towards the infection is mediated by autoreactive T and B lympho-
cytes responsible to produce soluble mediators (e.g., cytokines)
and auto Abs [3]. Infectious agents can trigger some autoimmune
diseases through different mechanisms. In general, infections are
thought to play a role in the development of autoimmune disease,
contributing to abnormal immune re-sponses through molecu-
lar mimicry, epitope spreading, and bystander activation (Figure
1A,1B,1C) [4-6].

ommmm o Crons reactive respanse againgt
similar to self antigena self and non-sell antigens

Figure 1A,1B,1C: Infection-induced autoimmunity mechanisms [8].

Molecular mimicry involves the activation of cross-reactive im-
mune cells that recognize both microbial and self-antigens, lead-
ing to autoimmune responses. Epitope spreading occurs when
persistent infection triggers immune cells to attack self-tissues,
causing the release of self-peptides and spreading the immune
response to multiple self-epitopes. Bystander activation refers to
the nonspecific activation of self-reactive immune cells due to in-
flammation, further perpetuating autoimmune reactions [7]. Many
types of infection may influence one or more of those diseases, and
a single organism may be able to trigger more than one disease.
For instance, high levels of IgM antibodies against Rubella, Toxo-
plasma gondii, Cytomegalovirus (CMV), and hepatitis C virus have
been found in patients with Anti-Phospholipid Syndrome (APS)
[8-11]. Epstein-Barr Virus (EBV), Rubella, Toxoplasma gondii, He-
licobacter pylori and CMV can trigger the pro-duction of auto Abs
with subsequent development of manifestations in Systemic Lupus
Erythematosus (SLE) patients [3,12-14]. CMV, adenovirus, EBV
a006Ed rotavirus infection may trigger the clinical manifestations
associated with -Type 1 Diabetes (T1D) [15-18]. CMV and EBV may
favor the development of multiple sclerosis (MS). These infections
are associated with the occurrence of auto Abs against myelin basic

protein and myelin glycoprotein oligodendrocyte due to their simi-
larity with some bacterial molecules [19,20].

Interactions between Antigens and Immunity

The relationship between microbes and autoimmunity could be
manifested by the presence of auto Abs, autoimmune complexes,
or autoreactive CTCs. The presence of autoimmune phenomena in
chronic infections could be related to polyclonal B-cell activation,
molecular mimicry between microbial and host antigens, altered
self, abnormal expression of immunoregulatory molecules, and the
anti-idiotypic network (Figure 2).

Anti-idiotypic (anti-ID) Abs are important in maintaining a bal-
anced idiotypic regulatory network by neu-tralizing and inhibiting
the secretion of auto Abs. In this context, the latter have been ad-
vanced as an alternative form of immunotherapy as they can specif-
ically target auto Abs, cause less toxicity and side effects, and could
provide long-lasting immunity [21]. The immune response could be
modulated through reactions to idiotypes, which represent unique
features of immunoglobulins or T-Cell Receptors (TCR). These id-
iotypes (Ab1) have the capability to recognize antigens and are ac-
knowledged by Ab2 to uphold immune system stability. In a state
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of equilibrium, the presence of epitopes or antigenic determinants
triggers the generation of antigen-specific antibodies (Ab1), sub-
sequently prompting the production of anti-ID antibodies (Ab2) to
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sustain balance. Ab2 has the capacity to induce the synthesis of an-
ti-anti-ID antibodies (Ab3), which possess similar binding abilities
to Ab1 (Figure 3).
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Figure 2: Idiotypic/anti-idiotypic interactions [21].
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Figure 3: The Theory of the Idiotypic Network [23].

The production of anti-ID antibodies aims to regulate autoan-
tibodies by neutralizing and inhibiting their secretion, ultimately
aiding in the prevention of autoimmune diseases. Considering the
immunomodulatory potential of anti-ID Abs as antigen-specific im-
munotherapy, they are likely to play a key role in future attempts to
generate an effective treatment for autoimmune diseases (Figure
4) [22].

Anti-ID antibodies not only impede the binding of antigen-anti-
body complexes and suppress the generation of autoantibodies but
also possess a significant advantage in their ability to specifically

target and suppress only the corresponding autoantibodies. Unlike
conventional medications and immunotherapies, which often exert
nonspecific immunosuppression, leading to both protective and
harmful immune responses being suppressed, anti-ID antibodies
offer a targeted approach. This enables them to effectively damp-
en a specific autoimmune response while preserving the normal
functioning of the immune system. Additionally, anti-ID antibodies
induce a memory response by generating T-helper memory cells,
ensuring sustained immunity posttreatment, and reducing the like-
lihood of relapses. Being naturally occurring in the body, anti-ID an-
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tibodies elicit immune responses akin to those prompted by nomi-
nal antigens, thus ensuring their safety, and minimizing the risk of
toxicity. Vaccination with Ab2 offers several advantages, including
the presentation of the antigen’s internal image. Moreover, since
anti-ID antibodies are sourced from the patient, concerns regarding
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compatibility and rejection by the recipient are practically nonexis-
tent. These antibodies have also demonstrated efficacy in individu-
als unresponsive to conventional autoimmune disease treatments.
However, challenges persist in the development of anti-ID vaccines,
particularly in determining the duration of anti-ID immunity [21].

Immunization with antibodies 2

Anti-idiotypic antibodies 2

Therapeutic effect

Figure 4: Anti-idiotypic therapy.

In reality Anti-idiotypic Abs regulate both auto Ab binding and
their levels by

i. Neutralizing auto Abs.
ii.  Inhibiting the secretion of auto Abs.

The exploration of the role of auto Abs in autoimmune disease
has been spurred, in part, by increasing recognition that develop-
ment of autoimmune diseases is influenced by regulatory Abs (an-
ti-idiotypic Abs) directed against the unique binding (canonical
Abs) or catalytic (abzymes) site of auto Abs. Meanwhile, etiology
and pathogenesis of post-infectious autoimmune disorders and au-
toimmunity conditions remain to be unclear, and thus be assessed
as a kind of balance between hereditary (genetically based) pre-
disposition, triggering (including environmental) factors and the
appearance of autoantibodies (auto-Abs) and/or self-reactive T
cells. So, autoimmunity is still a mystery of fundamental and clini-
cal immunology and medicine paired with daily clinical practice as
awhole. In this context, to induce autoimmunity that is provoked by
the well-known defects in the autoantigen (auto Ag) recognition by
either T or B cells, at least, four conditions are required:

i. The presence of pathogenic self-reactive T and/or B cells
in persons with the appropriate HLA genotype at high-risk.

ii.  The availability of the major autoantigen and/or mimick-
ing antigens at levels sufficient to the T cell presentation and subse-
quent T cells differentiation, maturation, and activation.

iii. The generation of additional (costimulatory) signals re-
quired to activate T and B cells in a proper way.

iv.  The loss of the ability of the regulatory T cells to control
mechanisms of the autoimmune inflammation [23,24].

Immune reactions triggered by microbial antigens (Ags) can
be ignored by tools of immune surveillance (apoptosis or immune
suppression), and auto-reactive T- and B-cells can survive for mo-
lecular mimicry phenomenon based on the activation of auto-reac-
tive lymphocytes by cross-reactive epitopes of the pathogen. Sever-
al plausible mechanisms have been proposed, including molecular
mimicry and mimicry-provoked disturbance in the host’s immune
response [25-27].

Autoimmune Myocarditis

The outcome of the event would result in manifestations of
Post-Infectious Autoimmune Disease (PIAD). Wherein the evalua-
tion of triggering role of infection in the pathogenesis of PIAD is
often difficult since the time for provoking the disease to be trans-
formed into PIAD may begin prior specific manifestations of PIAD
would form. Thus, for Autoimmune Myocarditis (AIM) to make a
bridging link with the infection is established for two-thirds of all
the patients, and transformation of primary or infectious phase
into PIAD is initiated by mimicking epitopes of, for instance, CVB3
and/or CMV, herewith presence of auto-reactive CTLs and anti-CM
auto-Abs, to re-lease sequestered auto Ags and to facilitate the in-
duction and/or development of PIAD is required. Coxsackie Virus
(CV) infections frequently initiate autoimmune response in humans
and provide a tool for understanding PIAD, including myocarditis
[28,29].
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Despite a vast armamentarium of approaches to assess PIAD,
there are still no obvious clinical and laboratory criteria to get the
syndrome validated. The latest design driven innovations in OM-
ICS-approaches will give an opportunity to reveal the sequence of
events between induction and progressing of PIAD and allow to
control induction and progression of PIAD and thus chronification
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of the disease to prevent the latter in time. For instance, in cardi-
ology-related practice, AIM usually develops in genetically predis-
posed individuals infected with the Coxsackie Virus B3 (CVB3) or
related viruses to represent typical manifestations of molecular
mimicry. The presence of anti-CMV auto Abs is prerequisite to AIM
development to initiate myocardial lesions (Figure 5A,5B) [30].
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Figure 5A: Staging of post-infectious myocarditis.
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Figure 5B: Progression from viral infection to autoimmune heart disease is cytokine regulated.

Note*: CTL, Cytotoxic Lymphocytes; IL, Interleukin; TNF-alpha, tumor necrosis factor alpha; IFN-gamma, interferon gamma.

Clinical manifestations of AIM, with distinct onset, vary from
asymptomatic to fatal. But the precise biomarkers to predict the
course at initial presentation have not yet been established. Mean-
while, an improved knowledge of the mechanisms of infections to
precede the illness should help to get type of PIAD-driven AIM de-

fined and then be used as combinatorial and/or multifunctional
biomarkers, to:

i. Predict the likelihood of developing disease.

ii.  Estimate the length of the asymptomatic period.
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iii. Provide predictive information about disease course, se-

verity, and complications.
iv.  Serve as a warning to avoid potential disease-triggering
factors.

v.  ldentify high-risk individuals who might be suitable can-
didates for preventive intervention trials.

vi. Develop preventive strategies for quenching PIFAS at the
subclinical stages [31, 32].

vii. Biomarkers of PIFAS-related disease.

So, the discovery of novel biomarkers specifically tailored
to PIFAS-related disease type and stage are expected to enable
PPM-driven approach by facilitating predictive diagnostics and
personalized therapies. And to stress the above-mentioned com-
ments, let me mention that PIAD-driven AIM provoked by insuffi-
cient coordination between two immune arms and hyperactivity of
the adaptive one is a dominant feature of PIAD to serve as a combi-
natorial biomarker. Its unique feature is a broad repertoire of auto
Abs responsible for multi-seropositivity and thus to specific auto-
immune inflammation biomarkers (e.g., anti-B7-HI auto Abs). An
association of AIM with viral infection is strongly supported by clin-
ical observation and epidemiologic study [32]. Myocarditis can be
defined as the inflammatory process affecting the muscular tissues
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of the heart (myocardium). Regardless of its etiology, acute inflam-
mation may progress to subacute and chronic stages and finally to
tissue remodeling, fibrosis, and loss of myocardium architecture
and contractile function. The latter chronic damage corresponds to
the development of Dilated Cardiomyopathy (DCM). Auto-Immune
Myocarditis (AIM) is considered a multifactorial entity, in which
several immunologic mechanisms are involved in its development
and progression. Regarding the trigger and initiation of its patho-
genesis, so far, no unique sufficient factor has been identified but
rather multiple endogenous and environmental confluent factors,
in such a way that the myocardium-specific autoimmune process is
triggered and sustained. The balance and relative influence of those
factors is still unclear but seems to be variable and host dependent.

Coexistence of predisposing factors along with specific trig-
gers of myocardium damage leads to exposure of cryptic self-an-
tigens and a consequent inflammatory process. At this point, both
the innate and degenerates specific adaptive response generate a
self-sustained autoimmune phenomenon independent of the orig-
inal trigger factor. That autoimmune process is responsible for the
development of autoimmune myocarditis and progression to Dilat-
ed Cardiomyopathy (DCM). Through the view of PIAD it is an im-
portant cause of heart failure among adolescents and young adults
(Figure 6).

Predisposing
factors

* Gender

* HLA genes

* Non-HLA
genes

" Adaplive
| response

Figure 6: Model for autoimmune myocarditis development [34].

Usually, at the initial steps, viral myocarditis is considered
sometimes an independent entity. Nevertheless, it seems that once
the trigger infectious noxa exerts its effect, the final effector mech-

anisms are like the ones leading to AIM progression and chronic
complications. Myocardium-tropic viral infection acts as a trigger
and “co-adjuvant” generating a sustained myocardium-specific
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autoimmune response (PIAD-driven AIM). All viruses cause myo-
carditis with similar inflammatory features, and all could lead to
DCM. Following the above-mentioned considerations, AIM usually
develops in genetically predisposed individuals infected with the
CVB3 to represent typical manifestations of molecular mimicry.
The presence, in circulating blood, of CM-AR CTLs and anti-CM auto
Abs is prerequisite to AIM development to initiate myocardial le-
sions. Clinical manifestations of AIM, with distinct onset, vary from
asymptomatic to fatal. But the biomarkers to predict the course at
initial presentation have not yet been established. Meanwhile, an
improved knowledge of the mechanisms of infections to precede
the illness should help to get type of PIFAS defined and then be
used as a combinatorial biomarker, to develop preventive and/or
prophylactic strategies for quenching PIFAS at the pre-early (sub-
clinical) stages.

Forms of Autoimmune Myocarditis

The correlation between the stage of immune-mediated chron-
ic inflammation and the form of AIM is characterized by:

i. The clinical form of primary infectious myocarditis (PIM),
which is detected in 75% of cases, whereas in patients with AIM the
contribution of PIM is notably decreased (to 25%) giving way to
auto aggression. PIM most commonly results from an external in-
flammatory trigger inducing the host immune response, which may
range from minimally transient response to fulminant overwhelm-
ing cellular infiltration. If the immune system does not eliminate
the infectious pathogen early on, chronic infection develops with or
without accompanying inflammation.

ii.  Stage of clinical reversible myocarditis (CRM): at early
stages (< 3 months for chronic progressive nephropathy and < 1
month for myocarditis, CRM is detected in 40% of cases; however,
at later stages of CRM its share decreases appreciably, while that
of autoimmune syndromes increases in contrast; CRM is not only
the outcome of the infectious process, but also represents a factor
responsible for its lingering and chronically relapsing course. Fur-
ther progression and chronification of CRM are controlled in AIM
patients by post-infectious auto-aggression factors.

iii. Rate of progression and chronification of myocarditis: in
patients with relapsing or rapidly progressing myocariditis (e.g.,
AIM), the contribution of CRM does not exceed 32-36%, while the
share of autoim-mune syndromes reaches 80-100%. Since the
pathological conditions take place at the cellular level, AIM can be
suggested but not diagnosed clinically. Accurate diagnosis demands
simultaneous histologic, im-munohistochemical and molecular
biological workup of the tissue. If the primary infectious or im-
mune-mediated causes of the disease are carefully defined by clin-
ical and biopsy-based tools, specific antiviral treatment options in
addition to basic symptomatic therapy are available under certain
conditions. These may allow tailored cause-specific treatment that
improves symptoms and prognosis of patients with AIM [32-34].

So, if the primary infectious or immune-mediated causes of
myocarditis are carefully defined by clinical, OMICS- and biop-
sy-based tools, specific antiviral, and targeted immunosuppressive
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treatment options in addition to basic symptomatic therapy are
available under certain conditions. Adopting this approach allows
for a tailored, cause-specific treatment that improves the prognosis
of patients suffering from acute and chronic diseases, while pre-
venting Dilated Cardiomyopathy (DCM). Personalized treatment
should also be tailored within the time frame from infection to in-
nate and adaptive response [21, 35-37]. There is still much work to
be done.

Prospective Approaches to Treatment

In this context, there is a growing body of therapeutic knowl-
edge which, despite frequently based on case reports and uncon-
trolled trials, suggests that targeted immune modulation/suppres-
sion is a useful approach in AIM, even in viral-triggered cases if it
is used together with proper antiviral treatment. In general, the
future directions should focus on the proper predictive and prog-
nostic diagnostics, not only on the etiologic aspect but also on the
specific stage of evolution of the immune/inflammatory process
and specific stage of AIM. That would allow to determine specif-
ic treatments depending on the underlying cause and on the pre-
dominant immune process taking place in the patient now of the
intervention or in persons-at-risk now of generating pre-illness
(subclinical) conditions.

The positive side of the story is the exponentially growing
knowledge about the 3 stage-based pathogenesis of myocarditis,
which certainly will end up in development of effective diagnostic,
prognostic, and therapeutic strategies. Advances exist in therapeu-
tics, but still relying on global immunosuppression and unspecif-
ic immuno-modulation. The expectation is that future basic and
translational studies might provide even deeper insights in the
pathogenesis of AIM to provide the design-driven and biomark-
er-based targeted drugs to prevent AIM! That would simultaneous-
ly lead to development of better diagnostic and predictive tools (in-
cluding theragnostic) allowing characterization and stratification
of stages of AIM progression in each patient or in persons-at-risk
[38,39]. Finally, that translational knowledge would make possible
the development of individualized net-work-targeted combinatori-
al treatments, using resources of systems polypharmacy.

Conclusion

Autoimmune diseases represent a diverse group of chronic pa-
thologies characterized by the breakdown of immunological toler-
ance to self-antigens, resulting in systemic or organ-specific dam-
age. While the exact mechanisms underlying autoimmune disease
development remain complex and multifaceted, both genetic pre-
disposition and environmental triggers, particularly infections, are
known to contribute significantly to the initiation and progression
of autoimmune responses. The relationship between microbial an-
tigens and autoimmunity is well-established, with infections capa-
ble of triggering abnormal immune responses through mechanisms
such as molecular mimicry, epitope spreading, and bystander acti-
vation. These processes can lead to the production of autoantibod-
ies and autoreactive T cells, ultimately resulting in tissue and organ
damage characteristic of autoimmune diseases.
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The association between infections and autoimmune diseases
has been observed across various conditions, with specific patho-
gens implicated in different autoimmune disorders. Understanding
the mechanisms underlying infection-induced autoimmunity is
crucial for developing targeted interventions and preventive strat-
egies. Furthermore, autoimmune myocarditis serves as a paradigm
for studying the relationship between infections and autoimmune
diseases. The progression from viral infection to autoimmune heart
disease involves complex immune interactions and inflammatory
processes, highlighting the need for comprehensive diagnostic and
therapeutic approaches. Moving forward, prospective approaches
to treatment should focus on personalized and targeted immune
modulation, considering the specific stage and underlying cause of
the autoimmune process. Advances in basic and translational re-
search hold promise for the development of more effective diagnos-
tic tools, prognostic markers, and individualized treatment strate-
gies, ultimately improving outcomes for patients with autoimmune
diseases.
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