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Abstract

Cytokine storm syndromes associated with autoimmune and autoinflammatory diseases represent a
heterogeneous group of hyperinflammatory disorders characterized by dysregulated innate and adaptive
immune responses, excessive cytokine production, and life-threatening systemic inflammation. From an
immunological perspective, these syndromes most commonly manifest as Macrophage Activation
Syndrome (MAS), secondary hemophagocytic lymphohistiocytosis (SHLH), cytokine release syndrome—
like states, and fulminant hyperferritinemic syndromes. These conditions arise through a complex
interplay of genetic susceptibility, immune dysregulation, and disease-specific inflammatory triggers. Key
pathogenic pathways involve aberrant activation of macrophages, neutrophils, cytotoxic T lymphocytes,
and inflammasome signaling, leading to excessive production of IL-1p, IL-6, IL-18, TNF-a, and IFN-y.
This review synthesizes current mechanistic insights into cytokine storm syndromes across autoimmune
and autoinflammatory diseases, with particular emphasis on immune signaling pathways, disease-specific
inflammatory signatures, and emerging precision-targeted therapies. In addition, the review highlights
similarities and distinctions between MAS, sHLH, and cytokine release syndromes to improve diagnostic
recognition and therapeutic stratification. Although elevated cytokine levels correlate with disease
severity, serum cytokine profiling alone may not reliably predict therapeutic response, emphasizing the
need for integrated biomarker-based approaches.

Current therapeutic strategies are increasingly shifting from broad immunosuppression to precision-
targeted immunomodulation, including IL-1p blockade, IL-6 inhibition, IFN-y neutralization, Janus kinase
(JAK) inhibition with ruxolitinib, and emerging inflammasome-directed therapies. This review also
discusses evolving biomarker-driven and mechanism-based treatment paradigms that may improve early
diagnosis, risk stratification, and individualized therapy. A deeper understanding of the
immunopathogenesis of cytokine storm syndromes may facilitate the development of more effective
targeted interventions and improve outcomes in severe autoimmune hyperinflammatory diseases.

Introduction

Cytokine storm syndromes encompass a spectrum of hyperinflammatory conditions that arise from
uncontrolled activation of innate and adaptive immune responses.Although infectious diseases,
malignancies, and cellular immunotherapies are well-recognized triggers, cytokine storm is increasingly
recognized as a severe complication of autoimmune and autoinflammatory diseases [1-3]. Importantly,
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the mechanisms initiating hyperinflammation differ among these disorders, even though they converge on
a common phenotype characterized by excessive cytokine production, immune-mediated tissue injury,
and multiorgan dysfunction [4].

Within rheumatology, macrophage activation syndrome (MAS) represents the prototypical autoimmune-
associated cytokine storm syndrome and is generally considered a subtype of secondary hemophagocytic
lymphobhistiocytosis (sHLH) [5-8,9]. Although these entities share many clinical and immunological
features, they are not synonymous. MAS most commonly complicates systemic juvenile idiopathic
arthritis and adult-onset Still disease but is increasingly recognized in systemic lupus erythematosus and
selected inflammatory myopathies [10-15]. Distinguishing MAS from infection or severe autoimmune
flare remains one of the greatest challenges in clinical practice [16].

The progression from chronic autoimmune inflammation to fulminant cytokine storm is not inevitable and
reflects the interaction of disease-specific immune mechanisms, environmental triggers, and host
susceptibility. Persistent activation of macrophages, cytotoxic T lymphocytes, natural Killer cells, and
autoreactive lymphocytes generates self-amplifying inflammatory circuits involving IL-1p, IL-6, IL-18,
TNF, IFN-y, and other mediators [5,8,17-19].

This review summarizes current understanding of the immunopathogenesis of cytokine storm syndromes
in autoimmune diseases, with particular emphasis on macrophage activation syndrome as the principal
rheumatologic manifestation. We discuss disease-specific mechanisms, emerging diagnostic approaches,
and evolving therapeutic strategies, while highlighting current challenges and future directions for
precision medicine.

Methodological Framework for Evidence Selection and Synthesis

This narrative review was developed through a comprehensive literature search to summarize current
evidence on cytokine storm syndromes in autoimmune diseases, with particular emphasis on macrophage
activation syndrome (MAS), immunopathogenesis, diagnostic approaches, and emerging therapeutic
strategies. The review was designed to provide an integrated overview of mechanistic and clinical
advances rather than a formal systematic review or meta-analysis.

Electronic searches were performed using PubMed/MEDLINE, Scopus, and Web of Science. The search
strategy combined Medical Subject Headings (MeSH) and free-text terms including cytokine storm
syndrome, cytokine storm, macrophage activation syndrome, secondary hemophagocytic
lymphohistiocytosis, systemic lupus erythematosus, adult-onset Still disease, systemic juvenile idiopathic
arthritis, dermatomyositis, ANCA-associated vasculitis, rheumatoid arthritis, autoimmune diseases,
inflammasome, IL-1, IL-6, IL-18, interferon-y, JAK inhibitors, biomarkers, and CAR-T cell therapy.
Priority was given to peer-reviewed original research articles, randomized clinical trials, observational
studies, international guidelines, and high-quality review articles published in English. Landmark studies
that established the biological basis of cytokine storm syndromes and macrophage activation syndrome
were retained irrespective of publication year because of their continuing relevance, whereas recent
publications (2023-2026) were preferentially included to capture advances in disease mechanisms,
biomarkers, and targeted therapies.

Studies focusing exclusively on infectious cytokine storm syndromes, primary hemophagocytic
lymphohistiocytosis without relevance to autoimmune diseases, or non-peer-reviewed literature were
included only when they provided essential mechanistic insights applicable to autoimmune cytokine
storm. Evidence was critically synthesized to compare shared and disease-specific inflammatory pathways
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across autoimmune disorders and to highlight their implications for diagnosis and precision-targeted
therapeutic interventions.

3. Conceptual Framework of Cytokine Storm Syndromes

Cytokine storm syndrome (CSS) is an umbrella term describing a spectrum of life-threatening
hyperinflammatory disorders characterized by excessive and dysregulated activation of the immune
system, resulting in uncontrolled production of pro-inflammatory cytokines, widespread tissue injury, and
multiorgan dysfunction. [1-3] Although the initiating triggers vary considerably, the downstream
immunopathological cascade is characterized by sustained activation of innate and adaptive immune cells,
amplification of inflammatory signaling, endothelial dysfunction, coagulation abnormalities, and
progressive organ damage. Consequently, CSS should be regarded as a shared clinical phenotype rather
than a single disease entity [4]. Within rheumatology, macrophage activation syndrome (MAS) represents
the prototypical autoimmune-associated cytokine storm syndrome and is generally classified as a subtype
of secondary hemophagocytic lymphohistiocytosis (SHLH). MAS develops in the setting of autoimmune
or autoinflammatory diseases, most commonly systemic juvenile idiopathic arthritis (sJIA) and adult-onset
Still disease (AOSD), but is increasingly recognized in systemic lupus erythematosus (SLE) [6,12,14]
Secondary hemophagocytic lymphohistiocytosis (SHLH) comprises a heterogeneous group of acquired
hyperinflammatory syndromes triggered by autoimmune diseases, infections, malignancies, or other forms
of immune dysregulation. Among these, macrophage activation syndrome (MAS) represents the
rheumatologic subtype of sHLH, sharing its core clinical and immunopathological features while differing
in the underlying trigger. In autoimmune diseases, persistent immune activation creates a pro-
inflammatory environment that predisposes susceptible individuals to uncontrolled macrophage activation
and cytokine amplification, distinguishing MAS from infection- or malignancy-associated forms of sHLH
as shown in figure 1 [6,9] .

Despite these distinctions, cytokine storm syndrome (CSS), macrophage activation syndrome (MAS),
secondary hemophagocytic lymphohistiocytosis (SHLH), and cytokine release syndrome (CRS) share
several converging immunological features, including excessive activation of macrophages and
monocytes, dysregulated production of pro-inflammatory cytokines such as IL-1p, IL-6, IL-18, TNF-a,
IFN-y, and GM-CSF, endothelial dysfunction, coagulation abnormalities, and progressive tissue injury
[1,6]. However, the relative contribution of individual cytokines and immune pathways differs according
to the underlying disease. For instance, IL-18 and IFN-y play central roles in Still disease-associated MAS,
whereas the immune response in SLE is characterized by distinct pathogenic mechanisms that shape its
hyperinflammatory phenotype [19]. These differences provide the biological rationale for disease-specific
targeted therapies and underscore that cytokine storm syndromes represent a heterogeneous group of
disorders rather than a single disease entity .

Establishing a clear conceptual distinction between these overlapping hyperinflammatory syndromes
provides the framework for understanding the disease-specific mechanisms discussed in subsequent
sections. Although they converge on a common phenotype of uncontrolled systemic inflammation, their
initiating events, dominant immune pathways, genetic susceptibility, and therapeutic responses differ
substantially, emphasizing the need for individualized diagnostic and treatment strategies.
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Figure 1. Conceptual Framework of Cytokine Storm Syndromes and Their Shared Downstream
Pathophysiological Pathways

Legend

Figure 1. Conceptual Framework of Cytokine Storm Syndromes and Their Shared Downstream
Pathophysiological Pathways. Cytokine storm syndrome (CSS) encompasses several clinically distinct
hyperinflammatory disorders, including macrophage activation syndrome (MAS) associated with
autoimmune diseases, secondary hemophagocytic lymphohistiocytosis (SHLH) triggered by infections or
malignancies, and cytokine release syndrome (CRS) following chimeric antigen receptor T-cell (CAR-T)
or bispecific antibody therapy. Despite differing initiating triggers, these syndromes converge on common
downstream mechanisms characterized by macrophage activation, cytokine amplification, endothelial
injury, coagulopathy, multiorgan dysfunction, and systemic hyperinflammation.

4. Shared Immunopathogenesis of Cytokine Storm Syndromes

4.1 Loss of Immune Homeostasis: The Initiating Event

The development of cytokine storm syndrome represents the culmination of progressive immune
dysregulation rather than the consequence of a single pathogenic event. Under physiological conditions,
innate and adaptive immune responses are tightly regulated by immune tolerance, anti-inflammatory
cytokines, regulatory T cells, and efficient cytotoxic clearance of activated immune cells [1]. These
mechanisms ensure that inflammatory responses remain proportionate to the initiating stimulus and
resolve following pathogen elimination or tissue repair. In autoimmune diseases, however, persistent
autoantigen exposure, defective immune tolerance, chronic activation of innate immune pathways, and
impaired resolution of inflammation progressively erode these regulatory mechanisms, creating a
permissive environment for uncontrolled systemic hyperinflammation [1,2].

The transition from chronic autoimmune inflammation to cytokine storm generally requires multiple
converging events. Continuous activation of antigen-presenting cells, macrophages, dendritic cells,
neutrophils, and autoreactive T and B lymphocytes establishes self-sustaining inflammatory circuits
characterized by excessive production of IL-1pB, IL-6, IL-18, TNF-a, IFN-y, GM-CSF, and multiple
chemokines [20]. These mediators amplify immune-cell recruitment and activation through positive
feedback mechanisms, resulting in endothelial activation, coagulation abnormalities, metabolic
dysregulation, tissue injury, and eventually multiorgan dysfunction [20,21]. Importantly, while the
downstream inflammatory phenotype is broadly shared, the initiating immunological pathways differ
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substantially among autoimmune diseases, explaining the heterogeneity in clinical presentation and
therapeutic responses [20,21].

Increasing evidence suggests that cytokine storm syndrome results from profound dysregulation of
immune homeostasis rather than the overproduction of a single cytokine. Under physiological conditions,
innate and adaptive immune responses are tightly coordinated to maintain controlled inflammation and
facilitate its resolution. However, persistent immune activation can overwhelm these regulatory processes,
resulting in self-amplifying inflammatory circuits that drive systemic hyperinflammation. This concept
provides the mechanistic rationale for therapeutic strategies targeting multiple inflammatory pathways
rather than a single cytokine or signaling mediator [1,2,22]

4.2 Innate Immune Activation: The First Driver of Cytokine Storm

Innate immune activation represents an early and central event in the development of cytokine storm
syndromes. In autoimmune diseases, persistent exposure to endogenous danger signals activates pattern-
recognition receptors (PRRs), particularly Toll-like receptors (TLRs), on innate immune cells, leading to
sustained production of pro-inflammatory cytokines [2,20]. Unlike acute inflammatory responses that
resolve after elimination of the initiating stimulus, autoimmune diseases provide continuous immune
stimulation that perpetuates activation of innate immune pathways and progressively amplifies systemic
inflammation [20,23].

Macrophages are the principal effector cells driving cytokine storm syndromes [5,6]. Following activation,
they produce large amounts of pro-inflammatory cytokines, including IL-1pB, IL-6, TNF-a, IL-18, and
IFN-y-inducing mediators, thereby amplifying inflammatory signaling and recruiting additional immune
cells [18,19]. In macrophage activation syndrome (MAS), persistent macrophage activation results in
hemophagocytosis, hyperferritinemia, cytopenias, coagulopathy, and progressive multiorgan dysfunction
[24]. Rather than representing an isolated abnormality, macrophage activation reflects profound
dysregulation of both innate and adaptive immune responses.

Neutrophils also participate in autoimmune inflammation through the release of inflammatory mediators
and formation of neutrophil extracellular traps (NETS), which have been implicated in the pathogenesis
of diseases such as systemic lupus erythematosus and ANCA-associated vasculitis [20,25]. Although
NETSs contribute to sustained immune activation and tissue injury, their precise role in the development
of cytokine storm remains incompletely understood and is likely to vary among autoimmune diseases [26].
Inflammasomes provide another critical link between innate immune activation and cytokine storm [10].
Multiprotein complexes such as the NLRP3 and NLRC4 inflammasomes activate caspase-1, promoting
the maturation and secretion of IL-1p and IL-18, two cytokines that play central roles in the development
of hyperinflammation [18,19]. Inflammasome activation is especially prominent in adult-onset Still
disease and systemic juvenile idiopathic arthritis, where excessive IL-18 production contributes to
macrophage activation and the development of MAS [12]. Nevertheless increasing evidence indicates that
inflammasome activation also contributes to cytokine amplification in several autoimmune diseases,
although the relative importance of specific inflammasome pathways varies according to the underlying
disease [27].

Endothelial activation contributes to the propagation of cytokine storm by amplifying systemic
inflammation and promoting vascular dysfunction [1-3]. Pro-inflammatory cytokines, particularly 1L-1p,
IL-6, TNF-a, and IFN-y, increase vascular permeability and facilitate recruitment of inflammatory cells,
thereby exacerbating tissue injury and organ dysfunction. Consequently, the interaction between activated
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immune cells and the vascular endothelium contributes substantially to disease severity in cytokine storm
syndromes [21].

4.3 Adaptive Immune Dysregulation and Cytokine Amplification

Although innate immune activation initiates the inflammatory cascade, sustained cytokine storm in
autoimmune diseases is reinforced by extensive involvement of the adaptive immune system. Continuous
antigen presentation by activated dendritic cells and macrophages promotes the expansion of autoreactive
CD4" and CD8" T lymphocytes, while persistent B-cell activation leads to autoantibody production and
immune complex formation [28]. Rather than functioning independently, innate and adaptive immune
responses establish reciprocal activation loops that perpetuate inflammation and progressively overwhelm
physiological immunoregulatory mechanisms [29,30].

Activated CD4* T-helper cells play a pivotal role in orchestrating cytokine amplification by producing
cytokines such as IFN-y, IL-17, granulocyte—macrophage colony-stimulating factor (GM-CSF), and TNF-
a [29,30]. These mediators further activate macrophages, neutrophils, endothelial cells, and antigen-
presenting cells, thereby intensifying cytokine production and inflammatory tissue damage [32]. The
predominance of specific T-cell subsets varies across autoimmune diseases [29,30]. For example, Thl-
mediated IFN-y responses are particularly important in macrophage activation syndrome (MAS), whereas
Th17-associated inflammation contributes significantly to rheumatoid arthritis and selected inflammatory
myopathies [5]. These disease-specific immune signatures partly explain differences in clinical
manifestations and responses to targeted immunomodulatory therapies [29,30].

B lymphocytes contribute to cytokine storm through mechanisms that extend beyond autoantibody
production[28-30]. Activated B cells function as efficient antigen-presenting cells, secrete pro-
inflammatory cytokines including IL-6 and TNF-a, and promote sustained activation of autoreactive T
cells [29,30]. In systemic lupus erythematosus (SLE), immune complexes generated by pathogenic
autoantibodies activate Fc receptors and complement pathways, leading to further stimulation of
macrophages, plasmacytoid dendritic cells, and neutrophils [21,28]. This creates a self-amplifying
inflammatory circuit characterized by persistent type | interferon production, complement activation, and
progressive tissue injury [21,28].

Regulatory T cells (Tregs), which normally suppress excessive immune activation and maintain peripheral
tolerance, are functionally impaired in many autoimmune diseases [29,30,33]. Reduced suppressive
capacity of Tregs, together with persistent activation of effector T cells and macrophages, facilitates
unchecked cytokine production and prolongs inflammatory responses [29,30]. Failure of these regulatory
pathways permits inflammatory amplification to become self-sustaining, increasing the likelihood of
progression from chronic autoimmune inflammation to systemic hyperinflammation [1,29,30,33].

A central feature of adaptive immune dysregulation is the activation of intracellular signaling pathways
that integrate multiple cytokine networks [22,29,30]. Among these, the Janus kinase-signal transducer
and activator of transcription (JAK-STAT) pathway represents a critical signaling hub through which
cytokines such as IFN-y, IL-6, IL-2, IL-10, and GM-CSF exert their biological effects [22]. Persistent
activation of JAK-STAT signaling enhances immune-cell proliferation, macrophage activation, and
cytokine production, thereby reinforcing inflammatory feedback loops [22,29]. Recognition of the central
role of this pathway has provided the biological rationale for the successful use of JAK inhibitors in
selected patients with refractory cytokine storm syndromes, highlighting the therapeutic importance of
targeting shared signaling pathways rather than individual cytokines alone [22,29,30].
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Collectively, these findings demonstrate that adaptive immune dysregulation not only sustains cytokine
storm but also determines disease-specific inflammatory phenotypes. The interaction between
autoreactive lymphocytes, activated macrophages, and inflammatory cytokine networks establishes self-
perpetuating immune circuits that ultimately drive tissue injury and multiorgan dysfunction.
Understanding these interactions is essential for identifying therapeutic targets capable of interrupting
cytokine amplification before irreversible organ damage occurs.

4.4 Defective Cytotoxic Function, Natural Killer Cells, and the Two-Hit Hypothesis

Although persistent activation of innate and adaptive immune pathways establishes the inflammatory
milieu required for cytokine storm, most patients with autoimmune diseases do not develop macrophage
activation syndrome (MAS) [6,29,30]. This observation indicates that chronic inflammation alone is
insufficient to trigger fulminant hyperinflammation [6,9]. Increasing evidence suggests that progression
to MAS results from the interaction between sustained immune activation and impaired mechanisms
responsible for terminating immune responses, particularly the cytotoxic functions of natural killer (NK)
cells and CD8" cytotoxic T lymphocytes [5,6,9,17].

Under physiological conditions, NK cells and cytotoxic T lymphocytes eliminate infected, activated, or
dysfunctional cells through perforin- and granzyme-mediated cytolysis, thereby limiting antigen
presentation and preventing excessive immune activation[6,9,17]. Efficient cytotoxic function is therefore
essential for restoring immune homeostasis following an inflammatory response [5,17]. Impaired
cytotoxic activity allows activated antigen-presenting cells and macrophages to persist, resulting in
prolonged T-cell stimulation, continuous cytokine production, and progressive amplification of
inflammatory signaling [5,6,9,17]. Persistent macrophage activation subsequently drives excessive
secretion of IL-1p, IL-6, IL-18, IFN-y, TNF-q, and other inflammatory mediators, ultimately culminating
in the clinical manifestations of MAS [6,18,19].

Studies of familial hemophagocytic lymphohistiocytosis (fHLH) have identified pathogenic variants in
genes encoding proteins required for cytotoxic granule exocytosis, including PRF1, UNC13D, STX11,
STXBP2, and RAB27A [5,9,17]. While biallelic mutations in these genes cause primary HLH,
accumulating evidence indicates that heterozygous or hypomorphic variants may also be present in a
subset of patients with autoimmune-associated MAS [6,17]. These variants generally do not produce
disease independently but lower the threshold for uncontrolled immune activation when combined with
persistent autoimmune inflammation or additional environmental triggers [6,9,17]. Consequently,
defective cytotoxicity should be viewed as a predisposing factor rather than the sole cause of autoimmune
cytokine storm [6,9,17].

This concept forms the basis of the two-hit hypothesis of macrophage activation syndrome [6,9,17]. The
first hit consists of chronic immune dysregulation associated with the underlying autoimmune disease,
which establishes a sustained pro-inflammatory environment through continuous activation of innate and
adaptive immune pathways [6.28-30]. The second hit is provided by additional triggers such as infection,
uncontrolled disease activity, certain medications, or inherited defects in cytotoxic function that
overwhelm residual immunoregulatory capacity [5,6,9,17]. Together, these factors initiate a self-
perpetuating cycle of macrophage activation, cytokine amplification, progressive tissue injury, and
multiorgan dysfunction.

Importantly, the contribution of impaired cytotoxic function varies among autoimmune diseases [6,9,17].
In adult-onset Still disease and systemic juvenile idiopathic arthritis, defects in NK-cell function and
excessive IL-18 production are strongly associated with MAS susceptibility [6,12,18,19,34]. In contrast,
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systemic lupus erythematosus, and ANCA-associated vasculitis appear to progress to cytokine storm
through more heterogeneous mechanisms involving immune complexes, complement activation,
interferon signaling, NET formation, and macrophage activation [20,25,35]. These observations
emphasize that defective cytotoxicity represents one component of a broader network of pathogenic
mechanisms rather than a universal explanation for autoimmune cytokine storm [6,9,17,35].

Recognition of impaired cytotoxic function has important therapeutic implications [6,9,17]. Early
identification of patients with reduced NK-cell activity, persistent hyperferritinemia, rapidly rising
inflammatory markers, or suspected genetic susceptibility may facilitate prompt initiation of targeted
immunomodulatory therapy before irreversible organ damage develops [6,17,24,36]. Furthermore,
understanding the interaction between genetic susceptibility and inflammatory triggers provides a
mechanistic framework for individualized risk stratification and precision medicine in autoimmune-
associated cytokine storm syndromes.

5.1 Systemic Lupus Erythematosus: Immune Complex—Driven Hyperinflammation

Systemic lupus erythematosus (SLE) is a multisystem autoimmune disease characterized by loss of
immune tolerance, autoantibody production, immune-complex deposition, complement activation, and
chronic inflammation [20,28]. Although most patients experience a relapsing—remitting disease course, a
subset develops severe hyperinflammatory complications, including macrophage activation syndrome
(MAS), which is associated with substantial morbidity and mortality [6,20,28]. Unlike adult-onset Still
disease, where inflammasome activation predominates, cytokine storm in SLE results from the
convergence of immune-complex—mediated inflammation, type | interferon signaling, complement
dysregulation, neutrophil extracellular trap (NET) formation, and macrophage activation [6,18,19,20,37].
A defining feature of SLE is the formation of circulating immune complexes composed of autoantibodies
directed against nuclear antigens [20,28]. These immune complexes activate Fcy receptors on
macrophages and dendritic cells while simultaneously triggering the classical complement pathway,
generating the anaphylatoxins C3a and Cb5a that amplify leukocyte recruitment and inflammatory
activation [20,28]. Plasmacytoid dendritic cells exposed to nucleic acid-containing immune complexes
produce large quantities of type | interferons, particularly interferon-a, which promote dendritic-cell
maturation, autoreactive lymphocyte activation, and sustained cytokine production [20,28]. This
interferon-driven inflammatory environment represents a central pathogenic mechanism distinguishing
SLE from many other autoimmune diseases [20,28].

Neutrophils further amplify inflammation through dysregulated formation of neutrophil extracellular traps
(NETSs) [20,28,34]. Persistent NETosis exposes nuclear autoantigens, activates complement pathways,
stimulates plasmacytoid dendritic cells, and perpetuates interferon signaling, thereby establishing a self-
reinforcing inflammatory circuit [34]. In addition, activated macrophages release IL-1p, IL-6, TNF-a, IL-
18, and other inflammatory mediators that further recruit immune cells and promote endothelial
dysfunction [6,20,28]. In susceptible patients, these interacting pathways overwhelm physiological
immunoregulatory mechanisms, resulting in uncontrolled macrophage activation and progression to
cytokine storm [6,20,28].

Although MAS remains relatively uncommon in SLE compared with Still disease, several factors increase
susceptibility, including uncontrolled disease activity, severe infection, complement consumption,
persistent hyperferritinemia, impaired NK-cell function, and inherited variants affecting cytotoxic
lymphocyte function [6,17,20,24,28]. The clinical distinction between lupus flare, severe infection, and
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MAS remains particularly challenging because these conditions share overlapping clinical features,
cytopenias, hepatic dysfunction, and elevated inflammatory markers [6,20,28].
Consequently, early recognition requires careful integration of clinical findings with laboratory parameters
such as ferritin, triglycerides, fibrinogen, soluble IL-2 receptor, complement levels, and disease-specific
autoantibodies [6,17,20,24,35,38].

Recognition of the distinct immunopathology of SLE-associated cytokine storm has important therapeutic
implications. While corticosteroids remain the cornerstone of treatment, increasing understanding of type
| interferon signaling, complement activation, IL-1, IL-6, IFN-y, and JAK-STAT pathways has expanded
opportunities for targeted immunomodulation in refractory disease. Emerging biologic agents and
precision-based therapeutic approaches are expected to improve outcomes by interrupting disease-specific

including fever,

inflammatory pathways before irreversible organ damage occurs.

Figure 2. Proposed immunopathogenic pathway leading to macrophage activation syndrome
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Legend: Genetic susceptibility and environmental triggers (e.g., infections, drugs, or disease flares) lead
to the loss of immune tolerance in SLE, resulting in autoantibody production and defective clearance of
apoptotic cells and neutrophil extracellular traps (NETSs). The formation of immune complexes activates
the complement cascade (C3a and Cba), which promotes plasmacytoid dendritic cell activation and
excessive type | interferon production. Subsequent activation of T and B lymphocytes and
monocytes/macrophages drives the release of pro-inflammatory cytokines, including IL-1p, IL-6, TNF-a,
IL-18, and IFN-y. Elevated IL-18 and IFN-y further amplify macrophage activation, while impaired
cytotoxic function of natural killer (NK) cells and CD8* T cells prevents effective termination of immune
activation. This establishes a self-perpetuating cytokine amplification loop that leads to hemophagocytosis
in the bone marrow, spleen, liver, and lymph nodes, resulting in hyperferritinemia, cytopenias, liver
dysfunction, coagulopathy, hypofibrinogenemia, and hypertriglyceridemia. Collectively, these events
culminate in macrophage activation syndrome (MAS) and, if uncontrolled, progress to cytokine storm and
multiorgan failure.

Abbreviations: ANA, antinuclear antibodies; anti-dsDNA, anti-double-stranded DNA antibodies; NETS,
neutrophil extracellular traps; IFN, interferon; NK, natural killer; IL, interleukin; TNF-a, tumor necrosis
factor-a; MAS, macrophage activation syndrome; SLE, systemic lupus erythematosus.

5.2 Adult-Onset Still Disease and Systemic Juvenile Idiopathic Arthritis: Inflammasome-Driven
Hyperinflammation

Adult-onset Still disease (AOSD) and systemic juvenile idiopathic arthritis (sJIA) represent the
autoimmune/autoinflammatory disorders most strongly associated with macrophage activation syndrome
(MAS) [6,10,12]. Unlike systemic lupus erythematosus, where adaptive immune dysregulation and
immune-complex formation predominate, AOSD and sJIA are characterized primarily by dysregulated
innate immune activation [10,12]. Excessive activation of macrophages, neutrophils, and monocytes
results in profound production of pro-inflammatory cytokines, placing these diseases at particularly high
risk for the development of cytokine storm [6,10,12,18,19].

Activation of the innate immune system is initiated through recognition of endogenous danger-associated
molecular patterns (DAMPS) by pattern-recognition receptors, leading to assembly of inflammasome
complexes, particularly NLRP3 and, in selected patients, NLRC4 [6,10,12]. Inflammasome activation
promotes caspase-1-mediated processing of pro-IL-1p and pro-1L-18 into their biologically active forms,
generating a powerful inflammatory cascade that amplifies macrophage activation and systemic cytokine
production [18,19]. Among these mediators, 1L-18 has emerged as one of the most important biomarkers
and pathogenic drivers of MAS, with circulating concentrations correlating closely with disease severity
and the risk of hyperinflammatory complications [6,10,12,18,19].

The cytokine network in AOSD/sJIA is dominated by IL-1p, IL-6, IL-18, TNF-a, IFN-y, and granulocyte—
macrophage colony-stimulating factor (GM-CSF) [10,12,18,19,34] . IL-18 enhances natural killer (NK)
cell and T-cell activation under physiological conditions; however, persistent elevation of IL-18 in
susceptible individuals is accompanied by impaired NK-cell cytotoxicity, resulting in ineffective
elimination of activated macrophages and antigen-presenting cells [12,18,19,34]. This failure of immune
regulation perpetuates macrophage activation and creates a self-amplifying inflammatory loop that
culminates in cytokine storm. Consequently, defective cytotoxic function and inflammasome activation
should be regarded as complementary rather than independent mechanisms in the pathogenesis of MAS
as shown in Figure 3 [6,12,18,1934].

IJFMR260484656 Volume 8, Issue 4, July-August 2026 10



http://www.ijfmr.com/

~» Y International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijffmr.com e Email: editor@ijfmr.com

Several clinical and laboratory findings identify patients at increased risk of MAS [6,12,34]. Persistent
fever, rapidly rising serum ferritin concentrations, thrombocytopenia, hypofibrinogenemia, elevated liver
enzymes, hypertriglyceridemia, cytopenias, and declining erythrocyte sedimentation rate despite ongoing
systemic inflammation should prompt immediate evaluation for evolving MAS [6,12,24, 32].
Hyperferritinemia is particularly informative in AOSD and sJIA, reflecting widespread macrophage
activation and serving as both a disease activity marker and an indicator of poor prognosis [24].
Nevertheless, no single biomarker is sufficient for diagnosis, and interpretation should always be
integrated with clinical findings and validated classification criteria.

The central role of IL-1p and IL-6 in disease pathogenesis has transformed the therapeutic landscape of
AOSD and sJIA [10,12,34]. Biologic agents targeting IL-1 (anakinra, canakinumab), IL-6 (tocilizumab),
and, in selected refractory cases, IFN-y and JAK-STAT signaling have provided the biological rationale
for the use of biologic therapies targeting I1L-1, IL-6 and, in selected refractory cases, IFN-y and JAK—
STAT signaling [10,12,18,22,34]. IL-18 has also emerged as a potential therapeutic target because of its
central role in the pathogenesis of MAS [19]. These advances illustrate how understanding disease-
specific immunopathology can directly guide precision-based therapeutic strategies.

Figure 3. Pathogenesis of MAS in AOSD/sJIA
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Legend: Damage-associated molecular patterns (DAMPSs), released from injured or dying cells during
tissue inflammation, are recognized by pattern recognition receptors (PRRs), leading to activation of the
NLRP3 and NLRC4 inflammasomes. Inflammasome assembly promotes caspase-1 activation, which
cleaves the inactive precursors of interleukin (IL)-1p and IL-18 into their biologically active forms.
Elevated IL-1B and IL-18 initiate and sustain macrophage activation, while 1L-18 further enhances
interferon-y (IFN-y) production by natural killer (NK) cells and T lymphocytes. This establishes a feed-
forward inflammatory loop characterized by excessive cytokine production, culminating in a cytokine
storm that drives widespread tissue injury and multiorgan dysfunction. Dysregulated inflammasome
signaling represents a central mechanism underlying hyperinflammation and macrophage activation
syndrome (MAS) in several autoimmune and autoinflammatory disorders.

Abbreviations: DAMPs, damage-associated molecular patterns; PRRs, pattern recognition receptors;
NLRP3, NOD-like receptor family pyrin domain-containing 3; NLRC4, NOD-like receptor family CARD
domain-containing protein 4; IL, interleukin; IFN-y, interferon-gamma; NK, natural killer.

5.3 Dermatomyositis: Interferon-Mediated Vascular Injury and Hyperinflammation
Dermatomyositis (DM) is a heterogeneous autoimmune inflammatory myopathy characterized by
immune-mediated muscle inflammation, characteristic cutaneous manifestations, and variable
involvement of multiple organ systems [40]. Among its clinical subtypes, anti-melanoma differentiation-
associated gene 5 (anti-MDADJ)-positive dermatomyositis is associated with the highest risk of cytokine
storm, macrophage activation syndrome (MAS), and rapidly progressive interstitial lung disease (RP-
ILD), all of which contribute significantly to morbidity and mortality [41]. Unlike adult-onset Still disease,
where inflammasome activation predominates, hyperinflammation in dermatomyositis is driven primarily
by dysregulated type | interferon responses, endothelial injury, and macrophage activation [5].Type |
interferons play a central role in dermatomyositis pathogenesis [42]. Activation of cytosolic nucleic acid
sensors and innate immune pathways induces sustained production of interferon-a. and interferon-p,
leading to enhanced expression of interferon-stimulated genes, activation of dendritic cells, macrophages,
and autoreactive lymphocytes, and amplification of inflammatory cytokine networks. Persistent interferon
signaling also promotes endothelial dysfunction, microvascular injury, and tissue ischemia, which are
characteristic pathological features of dermatomyositis as shown in Figure 4 [42].

Macrophages and activated monocytes further amplify inflammation through production of IL-1p, IL-6,
IL-18, TNF-a, and other pro-inflammatory mediators [40]. Increasing evidence indicates that elevated
serum ferritin, IL-18, CXCL9, CXCL10, and soluble CD163 correlate with disease severity and identify
patients at increased risk of hyperinflammatory complications [42]. In anti-MDADS5-positive disease,
activated macrophages infiltrate pulmonary tissue and contribute to diffuse alveolar damage, explaining
the strong association between cytokine storm and rapidly progressive interstitial lung disease[41].
Although macrophage activation syndrome is less common in dermatomyositis than in adult-onset Still
disease, the mechanisms responsible for cytokine storm exhibit substantial overlap [12,40]. Persistent
activation of innate immune pathways, defective immune regulation, excessive interferon signaling, and
sustained macrophage activation establish self-perpetuating inflammatory circuits that can culminate in
multiorgan dysfunction[40-42]. Environmental triggers, viral infections, and uncontrolled disease activity
may further accelerate progression to fulminant hyperinflammation in susceptible individuals [12,34,40-
42].
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Recognition of these disease-specific pathogenic mechanisms has important therapeutic implications
[40,41]. High-dose glucocorticoids remain the cornerstone of initial treatment; however, early
combination therapy with calcineurin inhibitors, cyclophosphamide, rituximab, intravenous
immunoglobulin, and Janus kinase (JAK) inhibitors has has become an important treatment strategy for
patients with severe anti-MDADb5-positive dermatomyositis and rapidly progressive interstitial lung disease
[40,41]. Growing evidence also supports targeting interferon signaling pathways, reflecting the central
role of type I interferons in disease pathogenesis [40,42]. Future therapeutic strategies are expected to
benefit from improved understanding of disease-specific biomarkers and inflammatory pathways, which
may facilitate earlier identification of high-risk patients and more individualized therapeutic approaches.

Figure 4. Immunopathogenesis of Cytokine Storm in Anti-MDADS5-Positive Dermatomyositis
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Legend: Viral infection or autoimmune activation stimulates melanoma differentiation-associated protein
5 (MDADb), a cytosolic pattern recognition receptor that recognizes viral double-stranded RNA. MDAS5
activation initiates type | interferon (IFN-o/p) signaling, resulting in robust activation of macrophages and
endothelial cells. These activated immune cells release high levels of pro-inflammatory cytokines,
including interleukin (IL)-6, 1L-18, and tumor necrosis factor-a (TNF-a), leading to amplification of the
inflammatory response. In patients with anti-MDADb5-associated disease, excessive cytokine production
contributes to rapidly progressive interstitial lung disease (RP-ILD), characterized by severe pulmonary
inflammation and diffuse alveolar damage. Persistent immune activation may culminate in cytokine storm
and, in severe cases, macrophage activation syndrome (MAS), resulting in life-threatening systemic
hyperinflammation.
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Abbreviations: MDAS5, melanoma differentiation-associated protein 5; IFN, interferon; IL, interleukin;
TNF-a, tumor necrosis factor-o; RP-ILD, rapidly progressive interstitial lung disease; MAS, macrophage
activation syndrome.

5.4 ANCA-Associated Vasculitis: Neutrophil Activation, NETosis, and Complement
ANCA-associated vasculitis (AAV), comprising granulomatosis with polyangiitis, microscopic
polyangiitis, and eosinophilic granulomatosis with polyangiitis, is characterized by necrotizing
inflammation of small- to medium-sized blood vessels resulting from dysregulated innate and adaptive
immune responses [43]. Although cytokine storm and macrophage activation syndrome (MAS) are
relatively uncommon complications of AAV, their occurrence is associated with rapidly progressive
multiorgan dysfunction and poor clinical outcomes [43,44]. In contrast to systemic lupus erythematosus,
where immune-complex deposition is the principal driver of inflammation, hyperinflammation in AAV is
initiated by ANCA-mediated neutrophil activation, excessive neutrophil extracellular trap (NET)
formation, complement amplification, and endothelial injury [43,44].

The pathogenic process begins when anti-neutrophil cytoplasmic antibodies directed against proteinase-3
(PR3) or myeloperoxidase (MPO) bind to primed neutrophils, inducing their activation and degranulation
[43,44]. Activated neutrophils release reactive oxygen species, proteolytic enzymes, inflammatory
cytokines, and neutrophil extracellular traps (NETSs), which not only contribute directly to vascular injury
but also expose autoantigens that sustain autoantibody production and perpetuate inflammation [43,44].
Persistent NETosis creates a self-amplifying inflammatory cycle through activation of macrophages,
dendritic cells, and endothelial cells, thereby promoting excessive cytokine production and tissue damage
as shown in Figure 5 [44].

Complement activation, particularly through the alternative pathway, has emerged as a critical amplifier
of inflammation in AAV. Generation of the anaphylatoxin C5a establishes a potent positive-feedback loop
by priming additional neutrophils for ANCA-mediated activation, enhancing leukocyte recruitment,
increasing endothelial permeability, and amplifying cytokine production. The coordinated interaction
between activated neutrophils, complement components, macrophages, and endothelial cells results in
progressive vascular inflammation, microvascular thrombosis, and multiorgan injury [43,44]. These
findings provide the biological rationale for therapeutic strategies targeting complement activation in
selected patients with severe AAV.

Although MAS is uncommon in AAV, persistent systemic inflammation, uncontrolled vasculitic activity,
severe infection, and impaired immunoregulatory mechanisms may overwhelm physiological immune
control, leading to uncontrolled macrophage activation and cytokine storm [5]. Elevated serum ferritin,
IL-6, IL-18, TNF-a, soluble IL-2 receptor, and markers of complement activation may provide important
clues to evolving hyperinflammation, particularly when accompanied by cytopenias, liver dysfunction,
coagulopathy, or rapidly deteriorating organ function [36]. Early recognition remains challenging because
these features often overlap with active vasculitis and severe infection.

Understanding the unique immunopathology of AAV has transformed therapeutic approaches [43,44].
High-dose glucocorticoids combined with rituximab or cyclophosphamide remain the foundation of
remission induction, while targeted inhibition of the C5a receptor with avacopan provides a biologically
rational approach to interrupt complement-mediated neutrophil activation [43]. Emerging evidence also
supports investigation of therapies directed against NETosis, inflammatory cytokine signaling, and
macrophage activation in patients with refractory hyperinflammatory disease [44]. These advances

IJFMR260484656 Volume 8, Issue 4, July-August 2026 14



http://www.ijfmr.com/

i International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijffmr.com e Email: editor@ijfmr.com

illustrate how improved understanding of disease-specific pathogenic mechanisms is guiding the
development of more targeted therapeutic strategies for severe AAV.

Figure 5. Proposed mechanism of cytokine storm in ANCA-associated vasculitis (AAV)
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Legend: Anti-neutrophil cytoplasmic antibodies (ANCAs) directed against proteinase 3 (PR3) or
myeloperoxidase (MPOQ) activate primed neutrophils, leading to excessive degranulation and the release
of neutrophil extracellular traps (NETS) through NETosis. NETs expose autoantigens and amplify
inflammation while activating the alternative complement pathway, generating C5a, a potent neutrophil
chemoattractant and activator. The C5a—Cba receptor signaling axis establishes a positive feedback loop
that further enhances neutrophil activation and promotes macrophage recruitment and activation.
Activated macrophages release pro-inflammatory cytokines, contributing to endothelial injury, vascular
inflammation, and tissue damage. Persistent immune activation culminates in a cytokine storm, which
may result in severe systemic inflammation and multiorgan involvement in patients with ANCA-
associated vasculitis.

Abbreviations: ANCA, anti-neutrophil cytoplasmic antibody; AAV, ANCA-associated vasculitis; PR3,
proteinase 3; MPO, myeloperoxidase; NETS, neutrophil extracellular traps; C5a, complement component
5a.

5.5 Rheumatoid Arthritis: Chronic Cytokine Networks and Systemic Hyperinflammation

Rheumatoid arthritis (RA) is a chronic systemic autoimmune disease characterized by persistent synovial
inflammation, progressive joint destruction, and variable extra-articular manifestations [45]. Although
macrophage activation syndrome (MAS) and fulminant cytokine storm are uncommon in RA compared
with adult-onset Still disease or systemic lupus erythematosus, chronic activation of inflammatory
cytokine networks provides important mechanistic insights into the development of systemic
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hyperinflammation [6,45]. Indeed, RA has served as the prototype disease for understanding cytokine-
mediated inflammation and the development of targeted biologic therapies [33].

The pathogenesis of RA is driven by a complex interplay between innate and adaptive immune responses
within the synovial microenvironment . Activated macrophages, fibroblast-like synoviocytes, dendritic
cells, neutrophils, and autoreactive T and B lymphocytes produce a broad array of pro-inflammatory
mediators, including TNF-a, IL-6, IL-1B, GM-CSF, IL-17, and multiple chemokines. Rather than acting
independently, these cytokines establish interconnected signaling networks that sustain leukocyte
recruitment, synovial hyperplasia, angiogenesis, osteoclast activation, and progressive tissue destruction.
Persistent activation of these pathways may also contribute to systemic inflammatory manifestations
extending beyond the joints as shown in Figure 6 [33].

Among these cytokines, TNF-a and IL-6 occupy central positions in the inflammatory cascade . TNF-a
promotes activation of endothelial cells, macrophages, fibroblast-like synoviocytes, and osteoclasts while
stimulating the production of additional cytokines and matrix-degrading enzymes. IL-6 contributes to
acute-phase responses, B-cell differentiation, T-cell activation, and systemic inflammation, whereas GM-
CSF enhances macrophage and neutrophil activation. Collectively, these cytokine networks establish self-
reinforcing inflammatory circuits that explain both chronic disease persistence and the effectiveness of
cytokine-targeted therapies in RA [33].

Progression to cytokine storm or MAS in RA is uncommon and is generally associated with exceptional
clinical circumstances, including uncontrolled systemic inflammation, severe infection, biologic therapy-
related immune dysregulation, or overlap syndromes [6,33,34]. In such patients, sustained activation of
macrophages and dysregulated cytokine production may result in fever, cytopenias, hyperferritinemia,
liver dysfunction, coagulopathy, and multiorgan involvement. Because these features overlap with severe
infection and active autoimmune disease, early recognition requires careful clinical assessment supported
by inflammatory biomarkers and exclusion of alternative diagnoses [6,33,34].

The therapeutic evolution of RA has fundamentally transformed the management of immune-mediated
inflammatory diseases [33]. The successful introduction of TNF inhibitors, IL-6 receptor antagonists,
CTLA4-1g, B-cell-depleting therapies, JAK inhibitors, and GM-CSF-targeted agents has demonstrated
that selective interruption of cytokine signaling can effectively restore immune balance and prevent
progressive tissue damage [33]. These therapeutic advances have provided an important conceptual
framework for the treatment of cytokine storm syndromes in other autoimmune diseases, supporting the
broader application of precision-targeted immunomodulation based on disease-specific inflammatory
pathways [46].
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Figure 6. Immunopathogenic pathway leading to cytokine storm in rheumatoid arthritis (RA)
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Legend: Autoantigens initiate an aberrant immune response in genetically susceptible individuals,
resulting in activation of synovial macrophages and fibroblast-like synoviocytes (FLS) within the joint.
These activated cells produce high levels of pro-inflammatory mediators, including tumor necrosis factor-
o (TNF-a), interleukin (IL)-6, IL-1pB, and granulocyte—macrophage colony-stimulating factor (GM-CSF),
which sustain leukocyte recruitment, synovial hyperplasia, and chronic inflammation. Persistent cytokine
production drives chronic synovitis, leading to cartilage destruction, bone erosion, and systemic
inflammatory manifestations. Although cytokine production in rheumatoid arthritis is typically localized
to the synovium, severe uncontrolled inflammation or precipitating factors such as infection, biologic
therapy withdrawal, or macrophage activation can rarely progress to cytokine storm or macrophage
activation syndrome (MAS).

Abbreviations: RA, rheumatoid arthritis; FLS, fibroblast-like synoviocytes; TNF-o, tumor necrosis
factor-a; IL, interleukin, GM-CSF, granulocyte—macrophage colony-stimulating factor; MAS,
macrophage activation syndrome.

5.6 Other Autoimmune Diseases Associated with Cytokine Storm

Although cytokine storm syndrome is most extensively characterized in systemic lupus erythematosus,
adult-onset Still disease, systemic juvenile idiopathic arthritis, dermatomyositis, and ANCA-associated
vasculitis, similar hyperinflammatory complications have been reported in several other autoimmune and
immune-mediated inflammatory disorders [6,34]. In these diseases, progression to cytokine storm remains
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uncommon but highlights the convergence of diverse pathogenic pathways toward a shared endpoint of
uncontrolled immune activation, excessive cytokine production, and multiorgan dysfunction [6,34].
Systemic sclerosis (SSc) is primarily characterized by immune dysregulation, microvascular injury, and
progressive fibrosis [47]. Hyperinflammatory manifestations are uncommon; however, severe disease may
be accompanied by macrophage activation, endothelial dysfunction, and elevated circulating
concentrations of IL-6, transforming growth factor- (TGF-B), and other inflammatory mediators [43].
Emerging evidence suggests that innate immune activation and vascular inflammation contribute not only
to fibrosis but also to systemic inflammatory complications in selected patients [44].

Primary Sjogren syndrome (pSS) is driven by chronic activation of B lymphocytes, autoreactive T cells,
and type | interferon pathways [45]. Persistent interferon signaling, activation of plasmacytoid dendritic
cells, and elevated concentrations of IL-6, BAFF, and other cytokines establish a pro-inflammatory
environment that may rarely progress to severe systemic hyperinflammation [46]. Although macrophage
activation syndrome is uncommon, isolated cases emphasize the importance of recognizing cytokine storm
in patients presenting with unexplained fever, cytopenias, and rapidly progressive organ dysfunction [47].
Antiphospholipid syndrome (APS) represents a unique autoimmune disorder in which inflammation and
thrombosis are closely interconnected [48]. Antiphospholipid antibodies activate endothelial cells,
monocytes, platelets, and complement pathways, promoting tissue factor expression, cytokine production,
and immunothrombosis [49]. Catastrophic antiphospholipid syndrome (CAPS) exemplifies how
dysregulated inflammatory and coagulation pathways may culminate in a cytokine storm-like clinical
syndrome with widespread microvascular thrombosis and multiorgan failure [50].

Behcet disease is characterized by exaggerated activation of neutrophils, macrophages, and T
lymphocytes, resulting in increased production of TNF-a, IL-1B, IL-6, IL-17, and other inflammatory
mediators. Although fulminant cytokine storm is rare, severe systemic disease involving the central
nervous system, gastrointestinal tract, or major blood vessels may exhibit marked cytokine amplification
and macrophage activation requiring aggressive immunosuppressive therapy [51].

Mixed connective tissue disease (MCTD) and autoimmune overlap syndromes combine immunological
features of several connective tissue diseases and therefore exhibit heterogeneous inflammatory profiles
[52]. Patients with severe disease activity may develop excessive cytokine production, complement
activation, endothelial dysfunction, and macrophage activation, particularly in the presence of infection
or uncontrolled autoimmune inflammation [5]. Although evidence remains limited, these observations
reinforce the concept that cytokine storm represents a final common pathway shared across diverse
autoimmune diseases rather than a disease-specific phenomenon.

Collectively, these disorders illustrate that autoimmune cytokine storm is not confined to a single disease
but represents a spectrum of hyperinflammatory syndromes arising through distinct upstream mechanisms.
Appreciating these differences is fundamental for the development of precision medicine approaches in
which therapeutic interventions are selected according to the dominant pathogenic pathway rather than the
clinical diagnosis alone as shown in Table 1.
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Table 1. Comparative Immunopathogenesis of Cytokine Storm Across Autoimmune Diseases
[6,21,24,35,57,58]
Dominant | Principal Predominant . .. | Major
. . . . Characteristic
Disease immune pathogenic | cytokines . targeted
. biomarkers i
pathway mechanisms therapies
Systemic Type I | Immune- IFN-0, IL-6, | Anti-dsDNA, | Corticosteroids,
lupus interferon, complex TNF-a, IL-18 | C3/C4, ferritin, | anifrolumab,
erythematosus | immune deposition, IFN signature | belimumab,
(SLE) complexes, | plasmacytoid JAK inhibitors
complement | dendritic-cell
activation,
complement
activation,
NETosis,
macrophage
activation
Adult-onset Inflammaso | NLRP3 IL-1B, IL-18, | Ferritin, IL-18, | Anakinra,
Still  disease | me activation, IL-6, IFN-y | sCD25 canakinumab,
(AOSD) activation IL-18 excess, tocilizumab,
macrophage JAK inhibitors
activation,
impaired
NK-cell
cytotoxicity
Systemic Inflammaso | IL-18 IL-1B, IL-18, | Ferritin, IL-18 | Anakinra,
juvenile me overproducti | IL-6, IFN-y canakinumab,
idiopathic activation on, tocilizumab
arthritis (sJIA) macrophage
activation,
defective
cytotoxicity
Dermatomyosit | Type I | IFN IFN-a, IL-6, | Ferritin, Glucocorticoid
is (anti-MDAJ5) | interferon, | signaling, IL-18 CXCLS9, s, calcineurin
endothelial | macrophage CXCL10 inhibitors, JAK
injury activation, inhibitors,
pulmonary rituximab
inflammatio
n,
endothelial
injury
ANCA- ANCA- NETosis, IL-6, TNF-a. | MPO-/PR3- Rituximab,
associated mediated alternative ANCA, Cba, | cyclophospham
complement ferritin ide, avacopan
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vasculitis neutrophil activation,
(AAV) activation endothelial
injury
Rheumatoid Synovial Persistent TNF-a, IL-6, | CRP, ESR
arthritis (RA) | cytokine macrophage | IL-1B, GM- TNE
network a_nd CSF inhibitors, IL-
ﬂbrobl_ast 6 inhibitors,
activation, CTLA-Ig,
Thi7 JAK inhibitors
responses
Antiphospholip | Complemen | Complement | IL-6, TNF-a | Antiphospholi | Anticoagulatio
id syndrome | t activation, | -mediated pid antibodies, | n,
(APS) immunothro | endothelial complement glucocorticoids
mbosis activation, activation ,
thrombosis, markers rituximab/eculi
inflammator zumab
y
amplification

Abbreviations: AAV, ANCA-associated vasculitis; AOSD, adult-onset Still disease; APS,
antiphospholipid syndrome; HLH, hemophagocytic lymphohistiocytosis; IFN, interferon; IL, interleukin;
JAK, Janus kinase; MAS, macrophage activation syndrome; RA, rheumatoid arthritis; sCD25, soluble
interleukin-2 receptor; sJIA, systemic juvenile idiopathic arthritis; SLE, systemic lupus erythematosus.

6. Biomarkers and Diagnostic Challenges in Autoimmune Cytokine Storm

6.1 Challenges in Early Diagnosis

Early recognition of autoimmune-associated cytokine storm remains one of the greatest clinical challenges
because its initial manifestations frequently overlap with active autoimmune disease, severe infection, and
drug-related inflammatory reactions . Patients commonly present with persistent fever, cytopenias, hepatic
dysfunction, coagulopathy, elevated inflammatory markers, and multiorgan involvement, clinical features
that lack specificity and often delay diagnosis. As a result, distinguishing macrophage activation syndrome
(MAS) from disease flare or sepsis requires careful integration of clinical findings with laboratory
biomarkers rather than reliance on any single parameter [6,34].

Current diagnostic criteria, including the HLH-2004 criteria, the HScore, and disease-specific MAS
classification criteria, provide useful diagnostic frameworks but have important limitations when applied
to autoimmune diseases [53]. These scoring systems were largely developed in pediatric or infection-
associated HLH populations and may demonstrate reduced sensitivity in adults with complex autoimmune
disorders [53]. Consequently, there remains an unmet need for biomarkers capable of identifying
hyperinflammation at an earlier stage, before irreversible organ injury develops.

6.2 Conventional Biomarkers

Several routinely available laboratory parameters remain central to the evaluation of cytokine storm.
Serum ferritin is the most widely used biomarker of macrophage activation and correlates with disease
severity in macrophage activation syndrome, particularly in adult-onset Still disease and systemic juvenile
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idiopathic arthritis. However, ferritin lacks disease specificity because elevated concentrations may also
occur in severe infection, liver disease, malignancy, and active autoimmune disease [6,34].

Additional laboratory abnormalities include hypertriglyceridemia, hypofibrinogenemia, elevated liver
enzymes, increased lactate dehydrogenase, cytopenias, prolonged coagulation parameters, and elevated
soluble IL-2 receptor (sCD25). Dynamic changes in these biomarkers, particularly rapidly rising ferritin
combined with declining platelet counts and fibrinogen concentrations, often provide greater diagnostic
value than isolated measurements. Therefore, serial monitoring is recommended in patients with suspected
evolving cytokine storm [6,34,53].

6.3 Cytokine and Immune Biomarkers

Advances in multiplex immunoassays have enabled detailed characterization of cytokine profiles
associated with autoimmune hyperinflammation. Among these biomarkers, 1L-18 has emerged as one of
the strongest indicators of macrophage activation syndrome in adult-onset Still disease and systemic
juvenile idiopathic arthritis, whereas interferon-y-induced chemokines such as CXCL9 and CXCL10
reflect activation of the IFN-y signaling pathway. Elevated circulating concentrations of IL-6, IL-1p, TNF-
a, granulocyte—-macrophage colony-stimulating factor (GM-CSF), and soluble CD163 further indicate
activation of macrophages and monocytes [34].

In systemic lupus erythematosus, activation of the type I interferon pathway, complement consumption,
and elevated circulating immune complexes provide additional disease-specific biomarkers that
complement traditional inflammatory markers. Rather than relying on individual cytokines, integrated
cytokine signatures are increasingly recognized as more informative for identifying patients at risk of
progression to cytokine storm [6,28].

6.4 Emerging Biomarkers and Multi-Omics Approaches

Recent advances in high-throughput technologies have substantially expanded opportunities for biomarker
discovery. Transcriptomic analyses have identified interferon-response signatures, inflammatory gene-
expression profiles, and macrophage activation pathways associated with disease severity. Single-cell
RNA sequencing has further revealed cellular heterogeneity within inflammatory lesions, allowing
identification of pathogenic immune-cell subsets responsible for cytokine amplification [28,34].
Proteomic approaches have enabled comprehensive characterization of circulating inflammatory proteins
and signaling networks, providing opportunities to identify biomarkers that reflect both disease activity
and therapeutic response. Likewise, metabolomic studies have demonstrated alterations in amino acid,
lipid, and energy metabolism associated with systemic inflammation, while epigenetic analyses have
identified regulatory mechanisms that influence cytokine production and immune-cell activation [54].
Exosomes have emerged as particularly promising biomarkers because they carry proteins, nucleic acids,
lipids, and microRNAs that reflect the physiological state of their parent cells. Their stability in biological
fluids and ability to mirror immune-cell activation make them attractive candidates for non-invasive
monitoring of disease activity and prediction of hyperinflammatory complications. Integrating exosomal
proteomics with transcriptomic and cytokine profiling may improve early diagnosis and facilitate
precision medicine approaches for autoimmune cytokine storm [55].

6.5 Future Perspectives in Biomarker-Guided Precision Medicine

The future of autoimmune cytokine storm management is likely to depend on the integration of
multidimensional biomarker data rather than reliance on individual laboratory parameters. Combining
clinical characteristics with cytokine profiles, complement activation markers, NETosis biomarkers,
transcriptomic signatures, proteomic data, and machine learning algorithms may improve risk
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stratification, enable earlier diagnosis, and guide individualized therapeutic interventions as shown in
Figure 7.

Ultimately, the transition from single-marker diagnostics to integrated multi-omics platforms has the
potential to transform the management of autoimmune cytokine storm by enabling earlier recognition of
high-risk patients, improving therapeutic selection, and facilitating real-time monitoring of treatment
response. Large prospective multicenter studies will be essential to validate these emerging biomarkers
and establish standardized precision medicine strategies for clinical practice.

Figure 7. Biomarker-based diagnostic and precision medicine approach for cytokine storm in
autoimmune diseases
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Legend: The diagnostic evaluation of cytokine storm begins with the recognition of clinical features
suggestive of systemic hyperinflammation. Initial laboratory assessment includes routine inflammatory
biomarkers, such as serum ferritin, C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), and
fibrinogen, which help identify ongoing inflammation and coagulopathy. Further immune profiling
incorporates immune activation biomarkers, including interleukin (IL)-18, interferon-gamma (IFN-y), C-
X-C motif chemokine ligand 9 (CXCL9), and soluble CD25 (sCD25), which reflect macrophage and T-
cell activation. Disease-specific biomarkers, including complement activation products, neutrophil
extracellular trap (NET) formation markers, and type | interferon signatures, facilitate differentiation
among autoimmune disorders and their underlying pathogenic mechanisms. Emerging multi-omics
technologies, encompassing transcriptomics, proteomics, metabolomics, exosome profiling, and single-
cell RNA sequencing (scRNA-seq), enable comprehensive molecular characterization, biomarker
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discovery, patient stratification, and therapeutic response prediction. The integration of conventional and
advanced biomarkers supports the implementation of precision medicine, allowing individualized
diagnosis, prognostic assessment, and targeted treatment of cytokine storm syndromes.

Abbreviations: CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; IL, interleukin; IFN-y,
interferon-gamma; CXCL9, C-X-C motif chemokine ligand 9; sCD25, soluble CD25 (soluble interleukin-
2 receptor a); NETSs, neutrophil extracellular traps; scRNA-seq, single-cell RNA sequencing.

7. Therapeutic Strategies: From Broad Immunosuppression to Precision Medicine

7.1 Principles of Management

Autoimmune-associated cytokine storm represents a medical emergency requiring prompt recognition and
immediate initiation of immunomodulatory therapy. Treatment objectives include rapid suppression of
hyperinflammation, stabilization of organ dysfunction, elimination of potential triggering factors, and
prevention of irreversible tissue injury. Because cytokine storm may mimic severe infection or
autoimmune disease flare, careful clinical evaluation is essential before initiating intensive
immunosuppression. Management should ideally involve a multidisciplinary team comprising
rheumatologists, immunologists, intensivists, infectious disease specialists, and hematologists [6,34,56].

Current therapeutic strategies are increasingly guided by the dominant immunopathological pathway
rather than by disease classification alone. While high-dose glucocorticoids remain the cornerstone of
initial treatment, advances in understanding cytokine biology have enabled the development of targeted
therapies directed against specific inflammatory mediators and intracellular signaling pathways [6,34,56].
7.2 Conventional Immunosuppressive Therapy

High-dose intravenous methylprednisolone remains the first-line treatment for most patients with
macrophage activation syndrome (MAS) and autoimmune-associated cytokine storm because of its rapid
anti-inflammatory effects. However, corticosteroid monotherapy is frequently insufficient in severe or
refractory disease [6,34].

Conventional immunosuppressive agents, including cyclosporine, cyclophosphamide, tacrolimus,
mycophenolate mofetil, and intravenous immunoglobulin (IVIG), are commonly employed according to
the underlying autoimmune disease and severity of organ involvement. In selected patients with refractory
MAS or secondary hemophagocytic lymphohistiocytosis (SHLH), etoposide-based regimens may be
considered, although their use in autoimmune diseases requires careful assessment of potential toxicity
[6,34].

7.3 Cytokine-Targeted Biological Therapies

Improved understanding of cytokine networks has transformed the management of autoimmune cytokine
storm. Among currently available biologic agents, IL-1 inhibition has demonstrated remarkable efficacy
in adult-onset Still disease (AOSD) and systemic juvenile idiopathic arthritis (sJIA), where excessive IL-
1B production plays a central pathogenic role. Anakinra and canakinumab have substantially improved
clinical outcomes and are associated with improved survival in patients with macrophage activation
syndrome complicating these disorders [12,34].

IL-6 inhibition with tocilizumab has shown substantial benefit in AOSD, rheumatoid arthritis, giant cell
arteritis, and selected patients with cytokine storm characterized by marked IL-6 elevation. TNF inhibitors
remain highly effective for chronic inflammatory diseases such as rheumatoid arthritis and
spondyloarthritis but have a more limited role in established macrophage activation syndrome [12,34].
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Therapeutic inhibition of IFN-y with emapalumab has emerged as an important option for refractory HLH
and selected patients with severe MAS, illustrating the expanding role of cytokine-specific therapy [34].
Likewise, complement-directed therapies such as avacopan have demonstrated clinical efficacy in ANCA-
associated vasculitis by interrupting C5a-mediated neutrophil activation, while agents targeting type |
interferon signaling, including anifrolumab, represent important advances in systemic lupus
erythematosus [35,57,58].

7.4 Targeting Intracellular Signaling Pathways

The Janus kinase-signal transducer and activator of transcription (JAK-STAT) pathway integrates
signaling from multiple inflammatory cytokines, making it an attractive therapeutic target across several
autoimmune diseases. JAK inhibitors, including baricitinib, ruxolitinib, and tofacitinib, suppress signaling
downstream of cytokines such as IFN-y, IL-6, IL-2, IL-10, and GM-CSF, thereby interrupting multiple
inflammatory pathways simultaneously [38].

Growing clinical evidence supports the use of JAK inhibitors in refractory macrophage activation
syndrome, dermatomyositis, systemic lupus erythematosus, and other immune-mediated inflammatory
disorders. Their ability to modulate multiple cytokine pathways distinguishes them from single-cytokine
inhibitors and supports their potential role in personalized treatment strategies.

7.5 Emerging Therapeutic Targets

Rapid advances in immunology continue to identify novel therapeutic targets for autoimmune cytokine
storm. IL-18 blockade has emerged as a promising strategy for patients with adult-onset Still disease and
recurrent macrophage activation syndrome, while granulocyte—-macrophage colony-stimulating factor
(GM-CSF) inhibition may reduce macrophage activation in selected inflammatory disorders. Therapies
targeting inflammasomes, neutrophil extracellular trap (NET) formation, complement activation, and
macrophage polarization are currently under active investigation [59].

Future therapeutic strategies are likely to combine targeted cytokine inhibition with biomarker-guided
patient stratification, enabling treatment to be tailored according to the dominant inflammatory pathway
rather than the underlying autoimmune diagnosis alone.

7.6 Toward Precision Medicine

The management of autoimmune cytokine storm is evolving from empirical immunosuppression toward
precision medicine. Advances in cytokine profiling, transcriptomics, proteomics, single-cell sequencing,
and artificial intelligence have created opportunities to identify patients at highest risk for
hyperinflammation and predict therapeutic response. Rather than applying identical treatment strategies
to all patients, future management will increasingly rely on integrated biomarker signatures that define
disease endotypes and guide individualized therapeutic selection [60].

Ultimately, successful management of autoimmune cytokine storm will depend on combining early
diagnosis, disease-specific immune profiling, and targeted intervention before irreversible organ damage
develops. Continued integration of translational research with clinical practice is expected to improve
survival while minimizing treatment-related toxicity.

8. Future Perspectives and Conclusions

Autoimmune-associated cytokine storm syndromes represent one of the most challenging complications
in clinical immunology because they arise from the convergence of diverse immunopathological
mechanisms on a common phenotype of uncontrolled systemic inflammation. As discussed throughout
this review, cytokine storm should not be regarded as a single disease entity but rather as a spectrum of
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hyperinflammatory syndromes in which the initiating immune pathways vary substantially across
autoimmune disorders. While systemic lupus erythematosus is primarily characterized by immune-
complex formation, complement activation, and type | interferon signaling, adult-onset Still disease is
driven predominantly by inflammasome activation and IL-18, dermatomyositis by interferon-mediated
vascular injury, ANCA-associated vasculitis by neutrophil activation and complement amplification, and
rheumatoid arthritis by chronic cytokine network activation. Despite these distinct upstream mechanisms,
all ultimately converge on macrophage activation, endothelial dysfunction, cytokine amplification, and
multiorgan injury.

Significant advances in immunology have transformed our understanding of cytokine storm from a
descriptive clinical syndrome into a mechanistically defined process involving complex interactions
between innate immunity, adaptive immunity, genetic susceptibility, environmental triggers, and immune
regulatory failure. This evolving understanding has fundamentally changed therapeutic strategies, shifting
clinical management from broad immunosuppression toward pathway-specific interventions targeting IL-
1, IL-6, IL-18, interferons, complement, and intracellular signaling pathways such as JAK-STAT.
Nevertheless, optimal treatment selection remains challenging because reliable biomarkers capable of
defining disease endotypes and predicting therapeutic response are still lacking.

One of the most promising developments in the field is the emergence of multi-omics technologies.
Transcriptomics, proteomics, metabolomics, epigenomics, and single-cell sequencing are providing
unprecedented insights into the molecular heterogeneity of autoimmune diseases and the mechanisms
underlying progression to cytokine storm. In particular, exosome-based biomarkers have attracted
increasing interest because they reflect the molecular composition of their parent cells and can be detected
non-invasively in biological fluids. Their ability to integrate information on immune activation, cellular
communication, and tissue injury positions them as promising candidates for early diagnosis, disease
monitoring, and prediction of therapeutic response. Future studies integrating exosomal biomarkers with
conventional laboratory parameters and cytokine profiling may substantially improve risk stratification
and facilitate personalized clinical management.

Artificial intelligence (Al) and machine learning are also expected to play an increasingly important role
in autoimmune disease research. By integrating multidimensional clinical, laboratory, imaging, and multi-
omics datasets, computational approaches may enable earlier identification of patients at risk of
hyperinflammatory complications, improve diagnostic accuracy, predict treatment response, and support
individualized therapeutic decision-making. Such approaches have the potential to transform cytokine
storm management from a reactive strategy focused on treating established hyperinflammation to a
proactive strategy emphasizing early prediction and prevention.

Despite considerable progress, several important challenges remain. Standardized diagnostic criteria for
autoimmune-associated cytokine storm are lacking, particularly in adults, and currently available
classification systems may not adequately capture the heterogeneity of disease manifestations across
different autoimmune disorders. Furthermore, most biomarker studies remain limited by small sample
sizes, heterogeneous patient populations, and insufficient prospective validation. Large multicenter
collaborative studies integrating standardized clinical phenotyping with longitudinal biomarker
assessment will be essential to establish robust diagnostic algorithms and validate precision medicine
approaches.

In conclusion, autoimmune-associated cytokine storm should be viewed as a spectrum of mechanistically
distinct but biologically interconnected hyperinflammatory syndromes rather than a uniform clinical
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entity. Understanding disease-specific immune pathways, identifying reliable biomarkers, and applying
targeted therapeutic strategies will be fundamental to improving patient outcomes. Future integration of
systems immunology, multi-omics technologies, and biomarker-guided precision medicine is expected to
redefine the diagnosis and management of cytokine storm, enabling earlier intervention, individualized
therapy, and ultimately improved survival for patients with severe autoimmune disease.
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