
Eur Cytokine Netw. Vol. 37, n◦ 1, April 2026 13–24

REVIEW

Re-evaluating cytokine storm syndromes: dysregulated host defense
or contextual immune adaptation?

Kamaljeet1, Abhishek Vijukumar1, Hardik Kumar2,*, Shilpa Debnath2 and Sourabh Kosey1

1Department of Pharmacy Practice, ISF College of Pharmacy, Moga-142001, Punjab, India
2School of Pharmaceutical Sciences, CT University, Ferozepur Rd, Sidhwan Khurd, Ludhiana-142024, Punjab, India

*Corresponding Author: Hardik Kumar. Email: hardikkochar24@gmail.com

Received: 31 December 2025; Accepted: 25 March 2026; Published: 13 April 2026

To cite this article: Kamaljeet, Vijukumar A, Kumar H, Debnath S, Kosey S. Re-evaluating cytokine storm syndromes: dysregulated host
defense or contextual immune adaptation?. Eur Cytokine Netw. 2026; 37(1): 13–24. doi:10.32604/ecn.2026.078458

ABSTRACT: Cytokine storm syndromes have become a much-invoked concept to describe severe immunopathol-
ogy in infectious, inflammatory, and iatrogenic diseases, but the concept is poorly defined and often mechanistically
imprecise. High levels of systemic cytokines have often been viewed as indicators of immune dysfunction, and
based on this notion, therapeutic interventions focused on general cytokine inhibition are proposed. Nevertheless,
a growing number of clinical and experimental data dispute the notion that hypercytokinemia is necessarily
pathological. The present paper reconsiders cytokine storm syndromes in the light of an evolutionary, systems-
immunology model, and suggests that most cytokine amplification conditions are context-specific host defence
programmes, however, not uniform maladaptations of immune regulation. Its major objective is to redefine the
cytokine storm syndromes, which are no longer understood as a single, uniformly pathological situation, but as
a spectrum of context-specific immune programmes. The paper reviews disease-specific phenotypes of cytokine
storms in viral infections, bacterial sepsis, autoimmune diseases, and immune-based therapies, noting considerable
variability in cytokine composition, kinetics of production, cytokine-producing cell frequency, and localization
in tissues. It also explains how the temporal dynamics, host-specific conditions, and failure of counter-regulatory
mechanisms define the difference between cytokine amplification as an adaptation or as a pathological condition.
In addition, it considers the clinical consequences of such a refined framework and argues that exploring precision
strategies need to consider immune context, disease stage, and signalling thresholds, as opposed to a general use of
blocking cytokines. In conclusion, this review attempts to draw a line between adaptive cytokine amplification and
maladaptive immunopathology by integrating the insights gained in evolutionary biology and systems immunology.

KEYWORDS: Cytokine storm, host defense mechanisms, hypercytokinemia, immune adaptation, immune dysreg-
ulation, precision immunomodulation

1 Introduction

Cytokine storm is a name that has become predomi-
nant in explaining severe immunopathology in a wide
variety of clinical settings, such as in viral diseases,
bacterial sepsis, autoimmune disease, and immunother-
apy with immune cells [1]. The term was originally
used to refer to excessive inflammatory reactions with
adverse effects, but has since been extended to situa-
tions in which cytokines are raised in the bloodstream.
This terminology has simplified clinical communica-
tion and hypothesis generation, but has also created an
artificially simplified and mechanistically ambiguous
perspective on immune-mediated pathology.

The focal point of the cytokine storm paradigm is
that hyperproduction of cytokines is an indication of
immune regulation failure, and a major contributor to
tissue injury and death [2]. This conjecture has, subse-
quently, influenced therapeutic approaches that focus
on general cytokine inhibition, which often results
in inconsistent or unsatisfactory clinical outcomes.
Importantly, the same levels of hypercytokinemia can

be linked to a divergent outcome in different diseases
and even among individuals with the same disease,
which poses basic questions regarding the causal role
of cytokines in immunopathology [3]. Additionally,
the dependence on systemic cytokine analyses has
obscured vital aspects of immune signalling, such as
temporal dynamics, tissue compartmentalization, and
cellular source specificity.

Recent findings in the areas of systems immunol-
ogy, evolutionary biology, and clinical immunology
have cast doubt on the idea that the amplification of
cytokines is inherently maladaptive. Cytokines evolved
as fast and scalable communication information used
to coordinate host defence in situations of acute
threat [4]. In this sense, strong cytokine generation
may reflect an adaptive response to control pathogens,
protect tissues, or coordinate immunity, and pathol-
ogy only occurs when regulatory limits are exceeded
or when situational factors alter the balance between
collateral damage [5]. Binary division of responses
to cytokines as normal or storm-like, thus, poses a
danger of overlooking the context-dependent, graded
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Figure 1: Conceptual continuum of cytokine amplification from adaptive host defense to pathological cytokine storm. CAR-T: Chimeric
Antigen Receptor T cells.

nature of immune signalling. These considerations sup-
port a continuum-based view of cytokine storms as
context-dependent immune programs rather than dis-
crete pathological entities (figure 1).

This article re-examines cytokine storm syndromes
as heterogeneous, condition-specific immune pro-
grammes but not a singular pathological entity. The
incorporation of evolutionary logic, pathogen-specific
phenotypes and time, it suggests an updated con-
ceptual model that separates the adaptive cytokine
amplification and maladaptive immunopathology. This
has significant implications for the interpretation of
biomarkers, clinical stratification, and the development
of precision immunomodulatory therapies.

2 Cytokine Storm Syndromes: Diagnostic and
Conceptual Ambiguities

Cytokine storm is a term that describes a wide group
of clinical and lab findings, but its definition is not
universal or standardised. Historically, cytokine storm
syndromes are defined as hyperinflammatory sys-
temic responses, which involve excessive secretion of
pro-inflammatory cytokines, including interleukin-6
(IL-6), tumour necrosis factor-alpha (TNF-α), and IL-
1β, and are associated with the dysfunction of multiple
organs and mortality [6]. Initial names were coined
based on graft-versus-host disease and hemophago-
cytic lymphohistiocytosis, although the term is now
applied to various situations such as sepsis, viral infec-
tions and toxicities associated with immunotherapy.
Although widely used, even with such a broad applica-
tion, a discussion exists on quantitative thresholds of
cytokine elevations that reliably indicate a storm state
and not an appropriate inflammatory response, with
multi-organ dysfunction and high mortality [7]. Initial
nomenclatures were the graft-versus-host disease and
hemophagocytic lymphohistiocytosis, but the term has

since been applied to a broader range of situations, such
as sepsis and viral infection.

Additionally, Systematic reviews indicate that
severe COVID-19 is associated with modest increases
in circulating IL-6 and IL-8 compared with non-severe
disease, with concentrations generally remaining in the
tens of pg/mL range, substantially lower than those
observed in classical cytokine release syndromes [8].
This numerical difference questions the standard
categorization of severe COVID-19 as a paradigm
cytokine storm and indicates that comparative, and not
absolute, cytokine alteration might be more instructive
in particular illness conditions. Notably, small systemic
cytokines may exist in the absence of significant
immunopathology, suggesting that other determinants
of clinical severity exist besides circulating cytokine
levels, including localization, sensitivity of receptors
and competence of downstream signalling [9].

The latter observations also point to a major lim-
itation of using serum cytokine measurements as a
primary diagnostic criterion. The levels of circulating
cytokines are an integrated and temporally averaged
signal that might not be a good indicator of local foci
of inflammatory activity in the involved organs, espe-
cially the lung and vascular endothelium [10]. These
investigations using tissue transcriptomics and single-
cell technologies have revealed significant cytokine
and chemokine expression in pulmonary and myeloid
compartments in severe COVID-19, despite a relative
containment of systemic levels. This type of compart-
mentalised inflammation can be the cause of organ
dysfunction without showing up in extreme hypercyto-
toxinemia in peripheral blood [11].

Altogether, these statistics highlight the intellec-
tual ambiguity inherent in the construct of a cytokine
storm. Cytokine profiles can have similarities in sep-
arate clinical syndromes with different etiologies and
outcomes, and also, strikingly different quantitative
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cytokine levels can exist with identical clinical pheno-
types [12]. The lack of standardised thresholds, and
the use of the term disease-agnostically, run the risk
of confusion of mechanistically different inflammatory
programmes within a single term. A fine definition of
cytokine storm syndromes thus requires that one go
beyond absolute cytokine concentrations to complex
frameworks that embrace context-dependent bench-
marks, time dynamics, compartmentalization of tissues,
and host susceptibility variables [13].

To further complicate the matter, the diagnostic
criteria based on hemophagocytic lymphohistiocytosis
and macrophage activation syndrome are not typically
effective to apply to infections such as COVID-19,
as the criteria did not undergo calibration to reflect
pathogen-induced systemic inflammation [14]. This
has led to redundant and even conflicting definitions
within clinical practise with a paucity of consensus
on what combinations of biomarkers or clinical phe-
notypes should constitute a storm state. Collectively,
this information supports the notion of conceptual and
diagnostic vagueness in the cytokine storm construct,
which necessitates streamlined criteria that include
disease-specific context, quantitative thresholds, and
mechanistic understanding.

3 Evolutionary and Physiological Rationale for
Hypercytokinemia

Evolutionarily, the ability to amplify cytokine sig-
nalling quickly has been a conserved property of
vertebrate immunity, and this indicates that there
has been strong selection pressure to provide decisive
responses to acute, life-threatening insults. Cytokines
are high-affinity communication molecules, which
allow a rapid coordination between immune cells, stro-
mal compartments, and distant organs [15]. In this
regard, hypercytokinemia cannot be considered patho-
logical, but as an extreme of a physiological range
aimed at optimising host survival in the case of severe
infection or tissue injury.

The pro-inflammatory cytokines implicated in
cytokine storm syndromes, including TNF-α, IL-1β,
IL-6, and IFN-γ, all have a role to play in early host
defence [16]. TNF-α and IL-1β stimulate endothe-
lial activation, vascular permeability, and leukocyte
recruitment, promoting rapid immune cell access to
infected tissues. IL-6 bridges between local inflamma-
tion and systemic metabolic and acute-phase responses
and makes an energy redistribution in favour of
immune activity [17]. IFN-γ improves the antimicrobial
effect of macrophages and induces the differentiation of
cytotoxic lymphocytes [18]. Experimental models show
that genetic deletion or early neutralisation of these
cytokines typically leads to poor clearing of pathogens
and elevated mortality rates, highlighting their protec-
tive roles in the early stages of infection [19].

Hypercytokinemia can thus be an evolutionarily
adaptive emergency form of immune response, which is
most efficient at short-term survival and least efficient
at long-term tissue maintenance [20]. This trade-off is
consistent with the evolutionary fitness principle, where
survival to reproductive age is more important than risk

of collateral tissue damage or chronic disease. In pre-
modern settings where medical treatment was minimal
and pathogen load was high, the inability to develop
adequately robust inflammatory reactions would have
most probably resulted in a more severe relative disad-
vantage than short-term immunopathology.

At the physiological level, the cytokine ampli-
fication is tightly controlled by the feedback and
counter-regulatory systems, such as anti-inflammatory
cytokines like IL-10 and TGF-β, anti-inflammatory
proteins like SOCS, and immune checkpoints [21]. The
damaging nature of hypercytokinemia is mainly seen
when these regulatory loops are surpassed, delayed or
made useless by host conditions like ageing, metabolic
impairment, genetic susceptibility, or massive tissue
damage. Notably, the shift to adaptive or maladaptive
inflammation is seldom sudden; instead, it is an active
imbalance between the pro-inflammatory force and
restraint represented by regulatory mechanisms [22].

The experimental infection models have clearly
shown that early pro-inflammatory cytokinesignalling
plays a critical role in host survival. The deletion of
tumour necrosis factor-alpha or interleukin 1 beta, or
the pharmacological blocking of these cytokines, in
murine systems exposed to bacterial and intracellular
pathogens, alters the clearance of the pathogen, the
recruitment of the myeloid cells and increases mortal-
ity, hence stressing the critical role of early cytokine
amplification in effective host defence [23].

These studies validate that cytokines historically
linked with the so-called cytotoxic storm pathways
are evolutionarily preserved mediators of protective
immunity and that the indiscriminate inhibition of
such pathways can undermine survival in acute infec-
tion [24,25].

This physiological and evolutionary framing
disputes the assumed intrinsic abnormality of cytokine
storms. Rather, they can be imagined as context-
specific immune programmes whose pathological
implications can only be realised when the scale,
duration and localization of cytokine signalling
surpass the ability of the host to regulate and repair.
The acknowledgement of hypercytokinemia as a
conditional response is a more subtle basis to the
explanation of the fact that similar cytokine reactions
can prove useful in certain situations and disastrous in
others, and it highlights the significance of timing and
context in therapy.

4 Context Matters: Disease-Specific Cytokine Storm
Phenotypes

Despite the common deployment of cytokine storm
as a unifying term to describe extreme forms of
inflammatory conditions, growing evidence suggests
that cytokine amplification is more of a phenotype
per disease, not a pathological process [26], as shown
in table 1. Superficially analogous rises in circulating
cytokines may be a consequence of profoundly dis-
parate immunological structures, cellular stimuli and
tissue settings. To understand clinical data, and develop
effective immunomodulatory strategies, it is crucial to
appreciate this heterogeneity.
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Table 1
Comparative features of cytokine storm phenotypes across diseases

Disease context Dominant cytokines
(Typical ranges)

Dominant cellular sources Spatiotemporal pattern Key clinical biomarkers
for monitoring

Severe viral pneumonia
(e.g., COVID-19)

IL-6: ~10–100 pg/mL;
IFN-γ: low–moderate;

CXCL10: elevated

Airway epithelial cells;
monocyte-derived

macrophages; endothelial
cells

Delayed peak relative to
viral load; coincides with

pulmonary injury

CRP; ferritin; D-dimer;
lymphocyte count;
oxygen requirement

Bacterial
sepsis/endotoxemia

TNF-α: transient early
spike; IL-1β: early spike;
IL-6: sustained elevation

Circulating
monocytes/macrophages;

tissue-resident macrophages;
endothelial cells

Early systemic burst with
rapid onset; short-lived
TNF/IL-1 followed by

sustained IL-6

Procalcitonin; lactate;
SOFA score; CRP;

vasopressor
requirement

CAR-T–associated CRS IL-6: often
>100–1000 pg/mL;
GM-CSF: elevated;

IFN-γ: ~50–500 pg/mL
(early peak)

Activated CAR-T cells
(IFN-γ); myeloid

cells/macrophages (IL-6,
GM-CSF)

Rapid early peak
following CAR-T
infusion; severity

correlates with tumor
burden

CRP; ferritin; IL-6
(where available); fever

curve; hypotension;
hypoxia

Autoinflammatory
syndromes (e.g.,

MAS/HLH)

IL-1β: elevated; IFN-γ:
markedly elevated;

IL-18: high

Activated macrophages;
NK/T cells

Sustained high-level
cytokine production
with poor resolution

Ferritin; soluble IL-2
receptor sCD25;
cytopenias; liver

enzymes

Acute sterile
inflammation (e.g.,

trauma, pancreatitis)

IL-6: moderate
elevation; TNF-α:

transient; IL-8: elevated

Tissue-resident
macrophages; neutrophils;
injured parenchymal cells

Early local peak with
variable systemic

spillover

CRP; lactate; organ
injury markers

AST/ALT, creatinine)

Footnote: IL: Interleukin; IFN-γ: Interferon gamma; CXCL10: C-X-C motif chemokine ligand 10; IL-1β: Interleukin-1 beta; GM-CSF: Granulocyte–macrophage
colony-stimulating factor; CAR-T: Chimeric antigen receptor T cells; CRS: Cytokine release syndrome; AST/ALT: Aspartate Aminotransferase/Alanine
Aminotransferase; sCD25: Soluble Cluster of Differentiation 25; MAS/HLH: Macrophage Activation Syndrome/Hemophagocytic lymphohistiocytosis; CAR-T:
Chimeric Antigen receptor T-cell; SOFA: Sequential Organ Failure Assessment; CRP: C-Reactive Protein.

The dominant cytokine patterns are suggestive of
the etiological character of the inflammatory stimu-
lus and the particular pattern-recognition pathways
activated. Viral recognition by intracellular means
selectively triggers interferon-mediated transcriptional
programmes; endotoxin-mediated responses by the
innate immune system predominantly result in TNF
or IL-1 mediated responses [27]. Increased IL-1 fam-
ily cytokine response in autoinflammatory diseases
is linked to dysregulated inflammasome activity, and
concerted T-cell activation is linked to IL-6-dominant
cytokine responses in cytokine release syndromes after
chimeric antigen receptor T-cell therapy [28].

Not only has evolutionary selection shaped the
magnitude of inflammatory responses, but it has also
limited the architecture of cytokine programs in a
trigger-specific fashion, producing predictable disease-
associated inflammatory phenotypes. Intracellularly
replicating pathogens selectively activate nucleic acid-
sensing pathways, and interferon-dominated antiviral
restriction and cytotoxic effector activation immune
programs. By contrast, extracellular bacterial products
and circulating pattern-recognition receptor-binding
pathogen-associated molecular patterns selectively
activate surface and endosomal pattern-recognition
receptors, thereby causing an immediate tumor
necrosis factor and IL-1-driven program leading to
endothelial activation, increase vascular permeability,
and recruitment of myeloid cells [29]. Such conserved
response architectures produce stereotyped patterns
of cytokine dominance across disease categories and
make inflammatory phenotypes partially predictable
according to pathogen localization and the mode of
immune sensing [30]. Pathological cytokine storm

phenotypes are therefore not the consequence of
haphazard dysregulation, but of the hyper-activation
of the modules of response that are evolutionarily
shaped to operate within an adaptive range of
cytokine programs.

4.1 Viral Infections

Cytokine amplification is an adaptive immunity-innate
antiviral signalling interaction in viral diseases like
influenza and SARS-CoV-2 infection [31]. Notable
ones include type I and type II interferons, IL-6, IL-
8 and chemokines, including CXCL10, with major
sources being the myeloid cells and infected epithe-
lial cells. Notably, the production of cytokines in
such environments tends to be spatially confined in
infected tissues, especially in the lung, where local
signalling coordinates immune cell recruitment and
antiviral defences. Systemic cytokine levels are mod-
est in severe COVID-19 in comparison with classical
cytokine release syndromes, but lung-specific inflam-
mation and endothelial activation are eminent [32].
This trend indicates that tissue-focal cytokine action,
instead of systemic hypercytokinemia, might be the
major pathogenic force in most viral diseases.

4.2 Bacterial Sepsis and Endotoxemia

In comparison, the rapid cytokine release typical
of bacterial sepsis occurs as a systemic response
to pathogen-associated molecular patterns, including
lipopolysaccharide. TNF-α, IL-1β, and IL-6 are early
and high in concentration and may be released long
before the organ dysfunction becomes apparent [32].
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Here, cytokine amplification is closely linked with sys-
temic vascular reactions, such as vasodilation, capillary
leakage, and coagulopathy. In contrast to viral infec-
tions, in which cytokine signalling can be confined
to a compartment, sepsis-related hypercytokinemia is
often associated with global endothelial and stromal
activation, which is part of distributive shock and
multi-organ failure [33]. Importantly, there is a high
rate of failure of clinical trials of single cytokines in
sepsis, indicating the redundancy and strength of these
inflammatory networks.

4.3 Autoimmune and Autoinflammatory Disorders

In autoimmune and autoinflammatory diseases, a
cytokine storm, as a consequence of immune dys-
regulation, occurs due to non-exogenous pathogens.
Diseases like systemic juvenile idiopathic arthritis and
adult-onset Still’s disease involve repeated episodes
of cytokine amplification mediated by IL-1β, IL-6,
and IL-18, which frequently occur with macrophage
activation syndrome [34]. In this case, hypercytokine-
mia indicates the inability of immune regulation
and tolerance, and the formation of self-perpetuating
inflammatory processes [35]. In contrast to infection-
related storms, these syndromes tend to be very
sensitive to specific cytokine blockage, and the role of
disease aetiology in shaping therapeutic susceptibility
is essential.

4.4 Iatrogenic Cytokine Storms

Chimeric antigen receptor T-cell therapy-related iatro-
genic cytokine storms are an exclusive immunological
entity [36]. In this context, engineered T cells can acti-
vate in vast numbers and simultaneously on antigen
presentation to produce supraphysiologic amounts of
IL-6, IFN-γ and GM-CSF, thereby triggering cytokine
release syndrome. Cytokine release in CAR-T therapy
can be greater in magnitude and kinetics than that
found in infectious diseases, but the syndrome can be
reversed with prompt treatment [37]. Such reversibility
is an indication of the temporally transient charac-
ter of the provoking stimulus, and the comparative
maintenance of regulatory pathways after cytokine
amplification is inhibited.

4.5 Implications of Phenotypic Heterogeneity

Combined, these disease-specific patterns evinced that
cytokine storms can be viewed as the convergent
outcomes of a wide variety of upstream processes
but not as a single mechanism [2]. There can be
similar cytokines, but the sources, timing, spatial
changes, and downstream effects vary greatly. The
inconsistent use of the cytokine storm label thus
runs the risk of obscuring any biological differ-
ences and may lead to poor treatment results [38].
The accurate diagnosis, prognostication and choice of
treatment require a context-sensitive model which sep-
arates pathogen-mediated, autoimmune, and iatrogenic
cytokine amplification.

5 Temporal Dynamics and Threshold Effects in
Cytokine Amplification

The process of cytokine signalling dynamism, its bio-
logical outcomes depend not only on the magnitude but
also on the time, duration, and sequence [39]. Classical
definitions of cytokine storms tend to be based on fixed
measurements of circulating cytokines, but increas-
ingly growing data are showing that time dependence
and threshold effects are essential elements to define
whether cytokine responses are adaptive or rendered
immunopathological [9]. The lack of consideration of
these dimensions has been one of the contributing fac-
tors to inconsistent interpretations of cytokine data and
variable therapeutic effects.

Initial production of cytokines is often protective,
mediating the activation of antimicrobial defences,
immune cell recruitment, and tissue-resident repair
programmes. Rapid induction of TNF-α, IL-1β and
type I interferons is transiently associated with the
successful control of pathogens in both experimental
models of infection and in clinical environments [40].
On the other hand, slow or delayed cytokine signalling
is associated more with tissue injury and organ dys-
function. To illustrate, prolonged existence of IL-6 and
IFN-γ further than the initial inflammatory window
upgrades endothelial activation, metabolic deviation,
and immune cell fatigue, especially in profound viral
illnesses and sepsis [41].

The interpretation of cytokine amplification is also
complicated by threshold effects. Cytokines tend to
have a nonlinear dose response because at a certain
threshold, a further increase in dose causes a quali-
tatively new cellular programme to be activated [42].
At these lower limits, cytokine signalling can lead to
increased host protection with minimal collateral tissue
damage; at higher limits, the pathways can trigger feed-
forward inflammatory responses, vascular exudation,
and coagulopathy [43]. Significantly, these thresholds
are not absolute but depend on tissue context, recep-
tor expression, and intracellular signalling competence.
Older age, chronic inflammation and metabolic dis-
ease can reduce inflammatory thresholds, making
hosts more vulnerable to cytokine-mediated damage at
cytokine levels that would be tolerated by younger or
healthier hosts.

Immune outcomes are also determined by the tem-
poral sequencing of cytokine signals. The characteristic
features of an effective immune resolution are coor-
dinated responses in cytokine production, including
early TNF-α and IL-1β followed by IL-6 mediated
acute-phase reactions and subsequent induction of reg-
ulatory mediators [44]. Alteration of this cascade, either
by inhibition of counter-regulatory cytokines, such
as IL-10, or the untimely depletion of immune cells,
pre-empts unregulated amplification. In this respect,
cytokine storms might not necessarily indicate exces-
sive inflammation, but a defect in the switch to
resolution phases.

The threshold effects of cytokine amplification at
the molecular level are supported by self-amplifying
inflammatory loops that couple cytokine signalling to
regulated cell death and secondary danger signalling.
PANoptosis, a collective term including pyroptosis,
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apoptosis, and necroptosis, is triggered by innate sen-
sors, including ZBP1 and NLRP3, in response to viral
nucleic acids, microbial products, and cytokines. Upon
its activation, PANoptotic cell death facilitates the
loss of damage-associated molecular patterns that then
activate innate immune signalling, resulting in positive-
feedback loops enhancing cytokine synthesis [45].

Simultaneously, the synergistic interaction of
tumour necrosis factor and interferon-7 enhances
inflammatory transcriptional programmes through
the JAK-STAT1-IRF1-iNOS axis, and reduces the
threshold of effective endothelial triggering, metabolic
re-programming of tissue injury. These molecular
feedbacks give a mechanistic account of non-linear
dose-response behaviour, in which small increases in
cytokine signalling may trigger qualitatively different
inflammatory settings when regulatory buffering
capacity is crossed [46].

Such sources of knowledge are significant to clinical
intervention. Interventions to treat disease conditions
without taking into consideration the temporal context
will suppress positive initial inflammation or act too
late to reverse tissue damage [47]. The low potency
of blanket cytokine inhibition under various condi-
tions, including sepsis and severe viral infection, is
probably partly due to the late intervention com-
pared to the overall inflammatory progression. An
elegant comprehension of cytokine storm syndromes
will thus necessitate incorporation of time dynamics
and threshold effects in both diagnostic and therapeutic
decisions [48]. Regarding cytokine amplification as a
context-dependent and time-sensitive process offers a
better perspective for defining an adaptive immune
escalation versus maladaptive immunopathology.

Molecular feedback mechanisms further contribute
to nonlinear cytokine amplification. Processes such as
PANoptosis and cytokine-driven transcriptional acti-
vation can generate positive inflammatory feedback
loops that intensify cytokine production once regu-
latory thresholds are crossed. These mechanisms link
cytokine signalling to regulated cell death pathways and
secondary danger signalling, amplifying inflammatory
cascades during severe immune activation. The detailed
molecular mechanisms underlying these processes are
discussed in Section 6.

6 When Does Adaptation Become Pathology?
Determinants of Harmful Cytokine Storms

The shift between adaptive cytokine amplification and
pathological cytokine storm is not marked by a single,
solitary molecular event but is instead a product of
a combination of host-, tissue-, and context-specific
determinants that combine to overwhelm regulatory
capacity [49] as shown in table 2. Although the proper
maintenance of cytokine signalling is a critical require-
ment of the host defence system, its pathophysiological
implications are manifested when the magnitude, dura-
tion, or localization of the inflammatory responses
surpass the tolerance and resolution capacity of the
tissues to immune-mediated stress [50].

Host intrinsic factors are at the centre of deter-
mining vulnerability to adverse cytokine storms.

Cytokine receptors, signalling intermediates and regu-
latory pathways can vary genetically, and inflammatory
thresholds can be altered, making some individu-
als more susceptible to hyper-response [51]. Severe
inflammatory phenotypes in infectious and autoim-
mune diseases have been linked to polymorphisms
of either IL-6 signalling, interferon pathways, or
inflammasome components. Another essential predic-
tor is age; immunosenescence and inflammaging are
defined by baseline increases in pro-inflammatory sub-
stances and the inability to resolve the situation, which
reduces the threshold at which the amplification of
cytokines turns pathogenic [52]. Similarly, metabolic
comorbidities, including obesity and diabetes, increase
inflammatory signalling via increased production of
adipokines, mitochondrial malfunction, and chronic
low-grade inflammation.

Tissue-specific vulnerability is also the factor that
can define whether cytokine amplification leads to
reversible adaptation or irreversible damage. TNF-α,
IL-1, and IL-6, the endothelial cells are particu-
larly sensitive to prolonged exposure, which leads
to increased permeability, procoagulant activity and
leukocyte adhesions [53]. Prolonged cytokine signalling
disrupts gas exchange, alveolar-capillary barriers, and
causes impairment in the lung, and acute-phase
responses in the liver that may contribute to system-
wide inflammation [54]. Notably, tissue damage per se
is a form of feedback that enhances the generation of
cytokines by the release of damage-associated molecu-
lar patterns, which generate self-perpetuating loops of
inflammatory response [55].

The overlapping of cytokine-induced signalling
and cell death-induced amplification loops combine
to switch between adaptive cytokine amplification
and pathological cytokine storm. The inflammatory
cytokine exposure is linked to massive immunogenic
cell death by dysregulated activation of PANoptosis
triggered by sensors like ZBP1 and NLRP3,
therefore, enhancing the local load of damage-
associated molecular patterns and sustaining
the innate immune activation [56]. Meanwhile,
prolonged joint presence of tumor necrosis factor
and interferon-gamma supports an inflammatory
feed-forward by the JAK-STAT1-IRF1-iNOS
pathway, which induces endothelial dysfunction,
nitric oxide-mediated metabolic derangement and
barrier destabilization [57]. Stimulated by delayed
or inadequate anti-inflammatory cytokines and
intracellular negative regulators, these self-reinforcing
loops allow cytokine signalling to decouple with
pathogen burden, leading to threshold-crossing
pathology with progressive tissue damage and multi-
organ failure. Such a mechanistic interplay of cytokine
amplification with controlled cell death is a molecular
account of how initially adaptive immune amplification
may shift to self-perpetuating immunopathology [58].

The breakdown of the counter-regulatory mech-
anisms is a leading edge in the development of
pathology. Inflammatory quieting agents that include
anti-inflammatory cytokines (IL-10 and TGF-b), neg-
ative regulators like suppressor of cytokine signalling
proteins and immune checkpoint pathways usually
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Table 2
Determinants governing the transition from adaptive to pathological cytokine amplification

Determinant category Key factors Effect on cytokine threshold

Host factors Age, genetics, metabolic disease Lower tolerance for cytokine signalling

Tissue context Endothelial vulnerability, barrier integrity Amplifies downstream damage

Temporal dynamics Prolonged signalling, delayed resolution Sustains inflammatory loops

Regulatory failure Impaired IL-10, SOCS, immune checkpoints Loss of feedback control

External modulation Timing of immunotherapy Can exacerbate or mitigate pathology

Footnote: IL-10: Interleukin-10; SOCS: Suppressor of Cytokine Signalling.

Figure 2: Determinants and progression to pathological cytokine storms.

control the inflammatory escalation process and reso-
lution [59]. In the case of the delayed or insufficient, or
functionally inadequate functioning of these systems,
such as in severe sepsis, macrophage activation syn-
drome, and severe viral infections, the amplification of
cytokines is decoupled from regulatory control. This
environment allows inflammation to continue despite
pathogen burden reduction, converting a protective
response into tissue damage [60]. The convergence of
host susceptibility, tissue context, and impaired regula-
tory feedback determines the transition from adaptive
cytokine amplification to immunopathology (figure 2).

The shift between adaptive and pathological ampli-
fication of cytokines provides a biologically stable
construct in clinical decision-making. Risk stratifi-
cation must identify those with persistent systemic
inflammation, endothelial damage, organ dysfunction,
and as having proven unable to maintain regulatory
mechanisms since such individuals have the highest
probability of responding to specific cytokine modu-
lation. In contrast, patients with an early, focal, and

strictly controlled cytokine reaction can experience the
negative effects of early cytokine inhibition, due to
impaired clearance of pathogens. The therapeutic win-
dow is thus time-limited; protection often is provided
by early signals of cytokines, but in the long term,
sustained signals of cytokines are thought to mediate
immunopathology [58,61].

Lastly, this transition can be affected by outside
sources like the timing of therapeutic intervention and
iatrogenic immune modulation. Excessive immunosup-
pressive therapy can impair host defence, but late
treatment can do nothing to correct the inflammatory
damage that has already occurred [62]. Collectively,
these determinants demonstrate that harmful cytokine
storms are not due to excessive production of cytokines,
but to the failure of coherent regulatory architecture.
Such a multifactorial transition is critical to differ-
entiate adaptive immune escalation and maladaptive
immunopathology and to address patients most prone
to respond to a targeted intervention.
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7 Therapeutic Implications: Rethinking Anti-Cytokine
Strategies

The predominant perception of cytokine storms as
a pathological process has driven the development
of therapies towards general inhibition of inflamma-
tory mediators. Nevertheless, the small and frequently
contradictory efficacy of anti-cytokine interventions
in a wide range of inflammatory diseases highlights
the necessity to reevaluate the approach [63]. Single
cytokine trials, including TNF-α, IL-1β, or IL-6 in
sepsis, have failed to enhance survival, although they
were able to reduce the levels of circulating cytokines.
These consequences indicate that alone cytokine ampli-
fication is an incomplete therapeutic target and that
indiscriminate blockade could interfere with protective
immune activities needed to control pathogens and
repair tissue [64].

The timing has become an important determi-
nant of therapeutic efficacy. Host defence is often
mediated by early cytokine signalling, with later or
chronic signalling playing a more direct role in tissue
injury. Interventions that fail to consider the stage
of disease risk either suppress good early inflam-
mation or, in contrast, are administered late during
disease progression and are no longer able to modify
existing immunopathology [47]. This principle can be
demonstrated by the context-dependent effectiveness of
corticosteroids in severe COVID-19: any benefits were
found in patients with more severe respiratory failure,
whereas early treatment in the case of mild disease did
not benefit and may harm. These results highlight that
anti-cytokine strategies should be timely in correspon-
dence with the underlying inflammatory course.

The heterogeneity of patients also makes it diffi-
cult to target therapy. Cytokine storm syndromes are
a diverse group of immunological phenotypes whose
upstream and host factors, as well as tissue contexts,
are different [2]. Homogenous treatment strategies used
in diverse groups of patients water down what might
otherwise be beneficial and blunt appreciable responses
in characterised subsets. Strict stratification accord-
ing to inflammatory profiles, aetiology of the disease,
and immune regulation biomarkers is thus a necessity
to select patients who are most likely to respond to
cytokine-directed therapies.

The development of new therapeutic paradigms is
focused on managing but not suppressing cytokine
signalling. Inhibition of selective pathways, partial ago-
nism, and context-sensitive modulation promise the
potential to reduce harmful inflammation without
compromising key immune functions [65]. Down-
stream signalling node or endothelial dysfunction, or
metabolic outcome of inflammation approaches can be
of broader benefit than upstream cytokine blockade
alone. Furthermore, approaches to modulate endoge-
nous regulatory processes, including the amplification
of IL-10 signalling or reinstatement of immune check-
point functions, are promising alternatives to direct
cytokine inhibition [66].

Therapeutic approaches must shift to biomarker-
directed, context-sensitive immunomodulation,
rather than generalised cytokine blockade. Dynamic
inflammatory patterns, signs of regulatory

malfunction, and early signs of endothelial damage
and organ dysfunction can help to identify patients
who are most susceptible to targeted intervention
and avoid premature cytokine-mediated inhibition of
protective immune reactions. The clinical experience
of immune-effector-cell-related toxicities and stage-
specific immunomodulation in severe viral pneumonia
shows that precision strategies, when administered
at the right stages of inflammation, can mitigate
immunopathology without damaging vital host
responses [67,68].

Taken together, these observations suggest the
necessity to stop using one-size-fits-all anti-cytokine
interventions and instead move towards contextu-
alised therapeutic approaches. The reconsideration of
cytokine storms as conditional immune programmes
and not homogeneous pathologies offers a more logical
basis to formulate interventions with better correlation
to disease stage, host vulnerability and immunological
context, which leads to better clinical outcomes.

8 Toward a Revised Framework: Cytokine Storms as
Contextual Immune Programs

The accumulated data discussed in this paper question
the current view of cytokine storms as homogenous
obliterations of immune regulation. Rather, cytokine
amplification ought to be conceptualized as a con-
tinuum of context-specific immune programs that
are the result of interactions of pathogen weight,
tissue microenvironment, host vulnerability, and reg-
ulatory efficiency [69]. An updated paradigm should
thus step out of the stagnant measures of circulating
cytokines and into a multidimensional approach that
can reflect the dynamic and circumstantial character of
the inflammatory signalling.

The most critical aspect of this framework is the
understanding that cytokine storms are characterized
not only by their magnitude, but also by qualitative
characteristics of the signalling processes, such as the
source of cells, localization, kinetics, and engagement
with downstream pathways [2]. The same cytokine pat-
tern in peripheral blood can be indicative of entirely
different biological processes when signalling is con-
fined to damaged tissues versus being distributed
throughout the system, is temporary or persistent,
and is checked or unchecked by regulation [70]. These
parameters can be included to discriminate adaptive
immune escalation against maladaptive inflamma-
tory pathology.

We hypothesize the idea of defining cytokine
storm syndromes as a continuum with two extremes.
On one end, there are adaptive amplification states,
where healthy cytokine signalling amplifies pathogen
clearance, or tissue repair, and is solved via intact
counter-regulatory states. On the opposite end are the
pathological amplification states, which is a state of
prolonged, or spatially imbalanced signalling, endothe-
lial injury, metabolic derangement, and resolution
failure [71]. The direction of the movement along this
scale is determined by the age, genetic background,
comorbidities of a host, disease-specific provoking fac-
tors, and therapeutic interventions.
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There are practical implications of this
framework to both research and clinical care. The
biomarker strategies should emphasize dynamic and
compartment-specific measurements rather than
static systemic thresholds, with temporal sampling
and relevant tissue readouts where possible [72].
Clinically, it is possible to stratify patients based on
where they are placed on the adaptive-pathological
continuum and inform the timing, intensity, and
targets of immunomodulatory therapy. Notably, this
methodology embraces heterogeneity within and
between disease entities and minimises dependence
on disease-agnostic nomenclatures that blur
mechanistic differences.

In opposition to traditional cytokine storm mod-
els, which rely on predetermined systemic cytokine
thresholds and see hypercytokinemia as an a pri-
ori pathological process, this model views cytokine
amplification as a dynamic, context-specific immune
programme determined by temporal dynamics, local-
isation, cellular origins, regulatory capacity and host
vulnerability. This view redefines cytokine storms
as conditional immune states and not monolithic
regulatory failures, which offers a more accurate
conceptual basis of biomarker-guided, stage-specific
immunomodulation.

This framework offers a consistent basis for further
inquiry by replacing the current cytokine storms with
the rebranded contextual immune programs, instead of
sole regulatory malfunctions. It highlights the necessity
of integrative, systems-level studies and the formation
of precision immunomodulatory approaches based
on immune context, but not only on the amount
of cytokines.

This framework is mostly conceptual, and thus
it is based on the synthesis of heterogeneous litera-
ture as opposed to prospective validation. The scarcity
of tissue-specific and longitudinal immunoprofiling
datasets restricts the possibility of establishing causal
relationships related to cytokine kinetics and dysregu-
lated immune control. The heterogeneity of the disease
and variability among individuals may hinder direct
clinical application of the findings. In turn, the pro-
posed clinical implications are hypothesis-generating
in nature and should be validated using prospective,
biomarker-directed interventional research.

9 Future Directions and Conclusion

To translate this framework into clinical practise,
methodological improvements will be needed that
go beyond the measurement of static systemic
cytokines to more integrative, tissue-resolved,
and temporally dynamic immune profiling. The
longitudinal monitoring of inflammatory patterns, the
use of compartment-specific biomarkers that represent
tissue-specific immune action, and the combination
of cellular and molecular markers of regulatory
breakdown should be a priority in future research.
Recent technological advances, such as single-cell and
spatially resolved immune profiling, have the potential
to map patient-specific inflammatory programmes
and to determine actionable thresholds between
adaptive immune amplification and pathological

amplification. Such strategies can guide the creation of
precision immunomodulatory strategies that optimise
therapeutic targets and timing to the individual
immune context and therefore reduce interference
of protective host defence, in addition to selectively
suppressing damaging inflammatory pathways.
Finally, future biomarker-directed interventional
research will be necessary to understand that context-
dependent immunomodulation enhances clinical
outcomes in different phenotypes of cytokine storms.

Cytokine storm syndromes are often described
in the context of homogeneous approaches towards
immune dysregulation due to excessive cytokine release.
It is in opposition to this reductionist perspec-
tive and in favour of a re-conceptualization of
cytokine amplification as a spectrum of context-
dependent immune programmes facilitated by disease
aetiology, tissue microenvironment, host susceptibil-
ity, time dynamics, and regulatory capacity. Instead
of being a pathologically pathological entity, hyper-
cytokinemia is often an evolutionarily conserved
and physiologically significant part of host defence
and pathological effects manifest where contain-
ment of space, time or counter-regulatory responses
are not maintained. This view offers a consistent
explanation of the pronounced heterogeneity of infec-
tious,autoimmune/autoinflammatory and iatrogenic
inflammatory syndromes, and of the variable clinical
efficacy of non-selective cytokine blockade.

Hypercytokinemia has often been perceived as a
discrete pathological condition, but evidence indicates
that it should be viewed as a spectrum of immune acti-
vation that can be adaptive or maladaptive depending
on the circumstances. These findings and the deter-
mination of exact thresholds and dynamic immune
landscapes will enable clinicians to maximise the timing
and specificity of treatment interventions by weighing
between the necessity to control pathogens and the
danger of increasing tissue damage.

Future research should prioritize several key ques-
tions: (1) what quantitative cytokine thresholds reliably
distinguish adaptive immune amplification from patho-
logical inflammation across disease contexts; (2) how
tissue-specific cytokine signaling differs from systemic
measurements in predicting clinical outcomes; (3)
whether longitudinal cytokine profiling can identify
early transition points from protective to pathological
inflammation; and (4) how host genetic or metabolic
factors modulate cytokine signaling thresholds in infec-
tious and inflammatory diseases.

This viewpoint presents a holistic approach to the
variability of the cytokine storm phenotypes, where
patients have unique trajectories that require indi-
vidualised treatment. It highlights the significance of
considering the dynamic interplay of cytokine signa-
tures, cellular infiltrates, and tissue-specific responses
to facilitate more subtle clinical decision-making.

Notably, the redefinition of cytokine storms as
conditional immune states highlights the primacy of
immune context and time of day in defining whether
cytokine amplification is adaptive or maladaptive and
opens the way to the development of efficacious and
safe precision-guided immunomodulatory therapies.
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