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Cytokine storm describes a spectrum of clinical manifestations that Introduction
feature increased cytokine levelsin circulation owing to overactivated | gpidemiology
immune responses. These increased concentrations of cytokines can
cause tissue and organ damage, potentially leading to lethality. Cytokine

. . . . . . e Diagnosis, screening
storm can be induced by a variety of underlying clinical conditions, and prevention
including infection, auto-inflammatory and autoimmune conditions,
monogenic causes, or therapeutic intervention, which often makes
diagnosis and treatment difficult. However, studies have identified
conserved molecular mechanisms that inform therapeutic strategies. Outlook
Cytokine stormisinitiated by cytokine production and exacerbated
by a self-amplifying positive feedback loop between cytokines and
inflammatory cell death (PANoptosis). The process begins when cells
detect triggers and undergo inflammatory signalling to produce and
release cytokines via canonical secretion pathways or through lytic cell
death such as pyroptosis and PANoptosis. This release of inflammatory
cytokines, and potentially of other damage-associated molecules,
canthendrive inflammation and cell death in neighbouring cells
through paracrine PANoptosis, resulting in further cytokine release
and the amplification of the cycle. Improved understanding of the
molecular and cellular mechanisms driving cytokine storm is critical
for developing effective therapeutic strategies and improving clinical
outcomes.

Mechanisms/pathophysiology

Management

Quality of life
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Introduction

Cytokine storm refers to a spectrum of clinical manifestations
resulting from overactivated immune responses, characterized by
increased cytokine release that can lead to severe and often life-
threatening tissue damage and organ damage' (Box 1). Cytokine
storm was originally described in 1993 as a severe adverse reaction
toallogenicbone marrow transplantation®, and the clinical presenta-
tion closely resembled macrophage activation syndrome (MAS) —
a phenomenon that was observed for the first time in the same
year®. Since its first description, cytokine storm has been observed
in response to a range of conditions, including genetic disorders
(for example, familial (that is, primary) haemophagocytic lympho-
histiocytosis (HLH) and perforin pathway-related diseases), infec-
tious diseases (such as sepsis or influenza- or COVID-19-associated
pneumonitis), and rheumatological or autoimmune conditions (for
example, systemic lupus erythematosus (SLE), Kawasaki disease
and inflammatory bowel disease)*°. Additionally, malignancies
(such as lymphoma) and immune-modulating therapies, includ-
ing chimeric antigen receptor (CAR) T cell therapy, can also trigger
cytokine storm*®’, Although cytokine stormis occasionally referred
to as MAS, secondary HLH, cytokine storm syndrome or cytokine
release syndrome (CRS), the unifying pathophysiological and clini-
cal characteristics of these syndromes highlight that cytokine storm
represents acommon mechanistic pathway that occurs downstream
of adiverse set of physiological causes'”’.

Several studies have identified the molecular mechanisms driv-
ing cytokine storm, in which cytokine production, inflammatory sig-
nalling, immune dysfunction and cell death pathways interactin a
self-amplifying feedback loop"* Specifically, pathogen-associated

Box 1| Terms and definitions

molecular patterns (PAMPs), damage-associated molecular patterns
(DAMPs), cytokines and other homeostatic disruptions activate innate
immune sensors®, which drive cytokine production through NF-kB,
p38, JNK, AP-1and interferon signalling pathways. These cytokines
are then released through canonical secretory pathways or through
lytic cell death. Upon release, cytokines activate cytokine receptors
and innate immune sensors on neighbouring cells to drive cell death
(paracrine PANoptosis) or other inflammatory signalling pathways,
releasing more cytokines in the local tissue environment and into the
bloodstream. This cascade culminates in asystemic cytokine storm —
resultingintissue and organ damage that can be widespread, severe and
difficult to manage given the systemic effects throughout the body’s
critical systems™ (Fig. 1).

In this Primer, we discuss the molecular and clinical features of
cytokine storm, including its epidemiology, pathophysiology, clinical
management and therapeutics. Given the severe clinical burden of
cytokine stormacross diverse conditions, understanding the underly-
ingmechanismsin depth willinform the development of more targeted
therapies to mitigate inflammation and improve patient outcomes.

Epidemiology

Theexactincidence of cytokine stormis not well defined. Epidemiological
studies of cytokine storm are challenging, as adiverse range of conditions
canserve as underlying triggers leading to monogenic cytokine storm
and non-monogenic forms such as pathogen-induced, autoimmune and
auto-inflammatory, or therapeuticintervention-induced cytokine storm.
Eachindividual subtype of cytokine stormisrare; however, in aggregate,
these disorders are not uncommon. Additionally, genetic predisposition
canincrease the chances of an individual developing cytokine storm.

Cytokine storm

A pathological state of markedly elevated circulating cytokine levels,
leading to systemic inflammation, vascular leakage, tissue injury and
multiorgan dysfunction.

Cytokine release syndrome

A clinically defined syndrome caused by cytokine storm; the term is
most commonly used in therapeutic intervention-induced cytokine
storm, such as in response to CAR T cell therapy, but can also be used
in other conditions, such as haemophagocytic lymphohistiocytosis,
macrophage activation syndrome, systemic juvenile idiopathic
arthritis and sepsis.

Haemophagocytic lymphohistiocytosis

A pathology caused by defective cytotoxic T lymphocyte function,
leading to sustained T cell and macrophage activation, hypercytoki-
naemia, haemophagocytosis and multiorgan failure. Familial (genetic)
or secondary (associated with infection, malignancy or autoimmunity)
forms exist.

Macrophage activation syndrome

A rheumatological subtype of secondary haemophagocytic
lymphohistiocytosis, most commonly associated with systemic
juvenile idiopathic arthritis. It features macrophage overactivation,

cytopenias, coagulopathy and markedly elevated levels of ferritin and
liver enzymes in the serum.

Multi-system inflammatory syndrome in children

A post-infectious hyperinflammatory disorder following SARS-CoV-2
infection, marked by fever, cardiovascular shock, mucocutaneous
inflammation and elevated cytokines; resembles Kawasaki disease or
toxic shock syndrome.

PANoptosis

An innate immune, lytic cell death pathway initiated by innate
immune sensors and driven by caspases and receptor-interacting
protein kinases. PANoptosis results from innate immune cells detecting
pathogen-associated molecular patterns, damage-associated
molecular patterns and homeostatic disruptions, which can lead to
cytokine release. Following the initial cytokine release, these cytokines
can engage innate immune receptors on neighbouring cells to
induce paracrine PANoptosis and perpetuate cytokine release.

Sepsis

A life-threatening organ dysfunction caused by a dysregulated host
response to infection. Early in sepsis, the immune system often exhibits
a hyperinflammatory phase, characterized by elevated circulating
cytokines, endothelial activation and widespread tissue inflammation.
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Fig.1|Schematic representation of cytokine storminitiation and
amplification. In response to genetic mutations leading to autoimmune and
auto-inflammatory diseases, infections, inflammatory conditions, and other
cytokine storm-inducing conditions, immune cells become activated and release
various pro-inflammatory cytokines as well as damage-associated molecular
patterns (DAMPs). The synergism of TNF and IFNy, and potentially other
cytokines, can trigger PANoptosis, further amplifying cytokine production.
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Certain pathogens, such as viruses (for example, SARS and MERS) and bacteria
(forexample, Francisella), and pathogen-associated molecular patterns (PAMPs)
canalsodirectly induce cytokine production and inflammatory cell death via
PANoptosis. This positive feedback loop of inflammatory cytokine production
and cell death can ultimately lead to cytokine storm, with potential tissue and
organ damage and mortality.

Monogenic cytokine storm

Although genetic disorders that directly cause cytokine stormarerare,
they dooccur. The prototypical exampleis primary HLH, where patients
have mutations in genes that control immune activation of cytotoxic
Tlymphocytes and natural killer cells (for example, PRF1, UNCI3D, STX11
and STXBP2), leading to sustained T cell and macrophage activation
that causes cytokine release and damage throughout the body’. The
frequency of primary HLH varies based on ethnicity and geographic
region. Astudy of primary HLH in Texas estimated a prevalence of 1 per
100,000 children'®, whereas another study has reported anincidence
of1.2 per1,000,000 children in Sweden™.

Genetic defects can also drive cytokine storm in the context of
mutations that disrupt other aspects ofimmune homeostasis regula-
tion. For example, mutations that cause excess inflammasome acti-
vation, which drive the release of the inflammatory cytokines IL-1f3
and IL-18, also cause cytokine storm. Specific mutations in NLRP3

cause cryopyrin-associated periodic syndromes that have anincidence
ranging from1to 3 per million individuals, based on a study in France
(with an estimated prevalence of 1in 360,000)", and mutations in
MEFV in familial Mediterranean fever syndromes have an incidence
ranging from 1 per 500-1,000 individuals in Armenia and Turkey">"
t01in465,500 throughout central Europe®. NLRC4 is another inflam-
masome activator but the incidence of mutations in NLRC4 that are
observed in certain MAS and multi-system inflammatory conditions
is largely unknown owing to its rarity. Furthermore, retrospective
epidemiological studies likely underestimate the incidence and
prevalence of genetically driven cytokine storm due to misclassifi-
cation of such conditions as sepsis or sudden unexplained deaths
in infancy when autopsies and genetic testing are not performed.
Additionally, frequencies are likely to be underestimated in low-
resource settings, where the availability of genetic testing and
immunological studies is limited"¢.
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Non-monogenic cytokine storm

Studies have reported several non-monogenic forms of cytokine storm.
For epidemiological purposes, the clinical condition called second-
ary HLH — the pathophysiology of which resembles HLH but occurs
in the absence of a mutation known to drive primary HLH — can be
considered as a surrogate for these non-genetic forms of cytokine
storm. Infectious, inflammatory or malignant conditions and their
treatment can precipitate secondary HLH. A study from the UK using
national electronic health records to estimate secondary HLH noted
thattheincidence quadrupled between 2003 and 2018, withareported
incidence of ~-1-4 per1,000,000 individualsin 2018 (ref.17). There was
noincreaseinincidencein patients <5 years of age (the population most
likely to have primary HLH), and researchers found that the increasein
HLHincidenceinolder patients most likely reflectsimproved identifi-
cation of the condition owing to increased clinical recognition”. This
analysis preceded the COVID-19 pandemic, which further raised aware-
ness of cytokine storm syndromes. Cytokine storm was mentioned
infrequently in the literature prior to the SARS-CoV-2 outbreak, with
citations increasing dramatically during the pandemic'®. Additionally,
many disorders that can be causative of secondary HLH, such asinflam-
matory bowel disease, have beenincreasinginfrequency'. Collectively,
thissuggeststhat the latestincreasesintheincidence of cytokine storm
syndromes likely reflect a combination of a true rise in incidence and
anincrease in awareness of the condition.

Pathogen-induced cytokine storm. The epidemiology of pathogen-
induced cytokinestorm,including sepsis-related and SARS-CoV-2-related
cytokine storm, is particularly difficult to estimate owing to the variabil-
ityininfectious triggers and clinical definitions of cytokine storm. Many
infections that are associated with cytokine storm have seasonal and
geographic variability®. Furthermore, infections that may be causative,
suchasdengue, are endemicto specific regions while being infrequent
inNorth Americaand Europe, making the incidence and prevalence of
the subsequent cytokine storm highly regionally variable”. For exam-
ple, Epstein—-Barr virus-triggered cytokine stormis a classicexample of
an infection-triggered cytokine storm; however, its prevalence varies
based ongeographicalregion, with higher rates of cytokine storm, such
aschronicactive Epstein-Barrvirus, in Asiaand South Americathanin
the USA”. Cytokine storm secondary to SARS-CoV-2 was a substantial
concern during the COVID-19 pandemic, and a retrospective cohort
study found theincidence of secondary HLH in patients with COVID-19
in the intensive care unit to be 8.7%.

Sepsis is another well-known pathogen-driven condition that is
commonly associated with cytokine storm. Although the incidence
of sepsis itselfis known to be -677.5 per 100,000 globally*, the preva-
lence of cytokine storm among these casesis not well documented. In
general, overall estimates of the incidence and prevalence of cytokine
storm that results from infection remain challenging to determine.

Autoimmune-induced or auto-inflammation-induced cytokine
storm.Inadditiontoinfections, another well-characterized aetiology
of cytokine stormis autoimmune or auto-inflammatory disease. MAS
isatermused to specifically denote cytokine storm or HLH secondary
toautoimmune diseases. MAS is estimated to complicate ~-10% of cases
of systemicjuvenileidiopathic arthritis (sJIA), with as many as 30-40%
of these patients having subclinical features of MAS* %, Similarly,
MAS has been reported in 10% of patients with childhood onset of
SLE, and studies have reported MAS as a complication of almost all
rheumatological diseases”*%.

Malignancy-induced cytokine storm. Malignancy-associated
cytokine storm is the most common form in adult patients, although
itis rarein paediatric patients**°. Approximately 40-60% of cytokine
storm cases or secondary HLH cases in adults are due to malignancy™.
The incidence of malignancy-associated cytokine storm or HLH
from 2012 to 2018 was estimated to be ~0.45 per 100,000 adults.
Malignancy-associated cytokine storm or HLH can occur with any
type of cancer but it is most commonly observed in patients with
lymphoma®.

Therapeutic intervention-induced cytokine storm. Immune-
modulating therapies, including CAR T cell therapy, antibodies and
bispecific T cell engagers, have become a mainstay of therapy for many
malignancies, especially haematological malignancies. CAR T cell
therapy and other T cell-engaging therapies can induce robust cytokine
release and cause a form of cytokine storm called CRS™. Although the
incidence and frequency of CRS following CART cell therapy canvary
by CAR constructand disease type, the severity of CRS ismost notably
associated with disease burden®*. In early trials of CAR T cell thera-
pies, studies reported an incidence of CRS of 88-93%, with high rates
of severe (grade >3) CRS**°, However, over time, CAR T cell treatments
havebeenused earlier in cancer treatment when the disease burdenis
lower, which makes the treatment less inflammatory. Furthermore, the
management strategies for CRS have improved through clinical trials,
leading to a substantial decrease in the incidence of severe CRS¥*°.
Inpost-marketing surveillance, rates of CRS are reported to be -50%*.

Overall, the true incidence of cytokine storm remains difficult
to assess, and the current increases in incidence likely reflect a com-
bination of increased awareness of the condition and increases in the
frequency of the underlying conditions that drive cytokine storm.
Identification of patient populations at risk remains a critical area for
future investigation to perform mechanistic characterizations of the
cytokines involved and to implement appropriate treatment strate-
gies. Additionally, not all individuals exposed to the same stimuli will
develop cytokine storm. Genetic differences can contribute to this
susceptibility, further complicating epidemiological analysis****. For
example, insJIA, patients with elevated circulating levels of IL-18 owing
to activating mutationsininflammasome sensors, such as NLRC4 and
NLRP3, show increased propensity for developing cytokine storm
or MAS*** Therefore, cytokine storm arises from a complex inter-
play between environmental triggers and an individual’s inherited
immune-regulatory architecture, further emphasizing the critical
need to understand its epidemiology and molecular mechanisms for
therapeutic development.

Mechanisms/pathophysiology

Although the upstreamclinical conditions thatlead to cytokine storm
canvary, sharedimmune signalling pathways are generally responsible
for the cytokine production and inflammatory outcomes. Cytokine
storm begins with cytokine release as a result of innate immune cells
recognizing pathogens, PAMPs or DAMPs in their natural response to
infection or localized disruptions in homeostasis. This sensing initi-
ates a cascade of inflammatory signalling pathways, including NF-kB
and lytic, inflammatory cell death signalling, which can produce and
further release inflammatory cytokines, chemokines, alarmins and
DAMPs'. Under normal conditions, the innate immune system effi-
ciently resolvesinflammation and restores homeostasis, with the short
half-lives of cytokines limiting their effects to the inflammation site and
minimizing systemic impacts. However, elevated cytokine levelsin the
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circulation candrive paracrine signalling that causes further cytokine
productioninimmune cells and non-immune cells, as well asinflamma-
tory cell death, disrupted immune homeostasis, and damage to vital
tissues and organs'>?°. Under these conditions of aberrant elevated
cytokines, cytokine storm occurs.

Temporal progression of cytokine storm

Cytokine storm can be summarized by a temporal progression from
onset toamplification to peak or crisis, and finally to resolution of the
immune response or failure of resolution. The exact timing and progres-
sion vary across conditions; however, these four overlapping phases
have generally been delineated® (Fig. 2). In the onset phase (hours to
days1-2), pathogens, PAMPs and DAMPs engage innate immune sen-
sors, leading to pro-inflammatory cytokine production and release
through secretion pathways or viainflammatory, lytic cell death such
as pyroptosis and PANoptosis. In the amplification phase (days 2-5),
progressive activation of macrophages and neutrophils, along with
recruitmentof T helper1(T,1)-T,17 [ymphocytes, intensifies the release
of cytokines and complement (for example, C3a and C5a)* as well as
the induction of inflammatory cell death (PANoptosis), exacerbating

vascular permeability, driving tissue infiltration and perpetuating a
feedforward inflammatory circuit**%, For patients that progress to
the peak or crisis phase (days 5-10), systemic manifestations become
severe, including acuterespiratory distress syndrome (ARDS), cytope-
nia, coagulopathy and multiorgan dysfunction. Excessive DAMP and
cytokine release activate platelets, endothelial cells, and both innate
and adaptive immune cells, driving pro-coagulatory cascades and
endothelial injury®. Finally, in the resolution phase or failure phase,
theimmune system either gradually contracts, withimmune cells being
cleared fromthe body, or progresses towardsimmune paralysis, where
immune cells canno longer respond effectively to stimuliand perform
their critical host defence functions®** (Fig. 2).

Role ofimmune cells

Excessive and uncontrolled cytokine release triggers cytokine storm
and drives the onset and amplification phases to the peak of disease
(Fig.2). The specific cytokine milieu varies depending on the precipitat-
ing condition, and current evidence suggests that IL-1family cytokines
(suchasIL-1B and IL-18), IL-6, TNF and IFNy are likely the most impor-
tantdrivers of the condition®. Both innate and adaptive immune cells
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Fig.2| Temporal progression ofimmune and pathophysiological events

in cytokine storm. The schematic outlines the four major stages of cytokine
storm pathogenesis — onset, amplification, peak/crisis, and resolution/failure —
integrating clinical symptoms, cellular mediators and immunopathological
mechanisms over time. The cumulative mortality indicates the percentage of

patients expected to succumb to cytokine storm-induced complications if the
disease reaches each stage, with the long-term mortality reflecting mortality if
immune failure occurs rather than resolution. ARDS, acute respiratory distress
syndrome; DAMPs, damage-associated molecular patterns; NK, natural killer;
T,, Thelper.
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(NK) cells and mast cells — serve as primary cytokine sources. Activated neutrophils
release histones and neutrophil extracellular traps (NETs), whereas macrophages
and monocytes secrete damage-associated molecular patterns (DAMPs) that
perpetuate inflammation. Adaptive immune cells — T helper1(T,1), T,17,y8

T cells, cytotoxic T lymphocytes (CTLs) and B cells — amplify responses through

Platelets

cytokines suchas IFNy, IL-17 and IL-2, promoting cross-activation of myeloid and
stromal cells. Engineered immune cells (for example, chimeric antigen receptor
(CAR) T cells) and non-immune cells (such as endothelial, epithelial, and stromal
cells and platelets) further enhance inflammation via secretion of IL-25, IL-33, TSLP
and PF4, contributing to vascular permeability and coagulopathy. Collectively,
these cellular interactions form a cytokine network — centred on TNF, interferons,
IL-1B, IL-6 and chemokines (for example, IP-10, MCP1) — that drives immune
hyperactivation, tissue injury and multiorgan dysfunction characteristic of
cytokine storm. GM-CSF, granulocyte-macrophage colony-stimulating factor.

are linked to cytokine storm-associated diseases and can contribute
to this cytokine release (Fig. 3). Innate immune cells are commonly
implicated in the onset phase of cytokine storm, whereas adaptive
immune cells sustain inflammation and non-immune cells contrib-
ute to cytokine production at later phases (Figs. 2 and 3). Following
production, cytokine release can occur as a result of inflammatory,
lytic cell death or through non-lytic cytokine release pathways such
as the canonical and non-canonical secretory pathways>**,

Innate immune cells. Excessive cytokine production that drives
cytokine storm is generally initiated by innate immune cells,

including macrophages, monocytes, neutrophils, dendritic cells,
natural killer cells, mast cells and y8 T cells (Figs. 2 and 3). These cells
express a diverse repertoire of membrane-bound and cytosolic
pattern-recognition receptors to detect PAMPs, DAMPs, cytokines
and homeostatic disruptions. Activation of Toll-like receptors (TLRs)
by bacterial or viral PAMPs or DAMPs triggers MyD88-mediated and
TRIF-mediated signalling pathways, such as NF-kB, p38, JNK, AP-1
and interferon signalling, leading to transcriptional upregulation of
inflammatory cytokines, including IL-6, TNF and IL-1family cytokines.
Among these, the IL-1 family cytokines IL-1B and IL-18 require inflam-
masome activation for their maturation and release. Inflammasomes
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are multi-protein complexes comprising a sensor (for example, NLRP3,
AIM2, NLRC4, pyrin and NLRP1)®, the adaptor ASC and the effector
protease caspase 1, which cleaves IL-1B and IL-18 to their active forms®®.
Mutations in genes encoding inflammasome sensors, such as NLRP3,
MEFVand NLRC4, resultin constitutive or hyperactiveinflammasome
assembly, leading to excessive IL-1B and IL-18 release”’. These mutations
arealsostrongly linked to systemic auto-inflammatory diseases, includ-
ing cryopyrin-associated periodic syndromes, familial Mediterranean
fever and MASY. Additionally, IL-1 family cytokines have emerged as
key mediators of hyperinflammation, particularly in conditions such
as COVID-19 and sJIA, inwhich cytokine storm occurs®. Elevated levels
of circulating IL-18 have been consistently observed in patients with
adult-onset Still disease or sJIAwho develop cytokine storm*’,and IL-1
has been implicated in rare cases of multi-system inflammatory syn-
drome in children following COVID-19 (refs. 60,61). However, clinical
trials evaluating IL-1blockade in severe COVID-19 have reportedincon-
clusive results, with limited improvement in mortality®® **, suggesting
that cytokines beyond the IL-1 family also contribute to the cytokine
storm pathology. This finding is further supported by studies showing
critical roles for interferons, TNF, IL-6 and other cytokinesin cytokine
storm pathology'***%,

Atthecellularlevel, monocytes and tissue-resident macrophages
are the major contributors to the onset phase of cytokine storm by
releasing large quantities of IL-1B, IL-6 and TNF (Fig. 3), which drive par-
acrine cell death, systemic inflammation, and organ dysfunction and
failure. Forexample,in HLH and MAS, macrophages are hyperactivated,
leading to haemophagocytosis, cytopenias and excessive cytokine
production® (Fig. 3). In addition to these cells, several other innate
immune cells also release cytokines in context-dependent manners.
In COVID-19, natural killer cells and innate-like y6 T cells contribute
to cytokine storm by secreting high levels of IFNy and TNF®°. These
cytokines synergistically trigger inflammatory cell death and exacer-
bate tissue damage as observed in preclinical models of SARS-CoV-2
infection, sepsis and HLH? (Fig. 1). Additionally, in COVID-19, plasma-
cytoid dendritic cellsinfiltrate the lungs and activate macrophages to
amplify cytokine storm®’.

Beyond theinnateimmune cells that directly produce cytokines,
neutrophils also contribute to cytokine storm by promoting inflam-
mation, tissue damage and thrombosis through dysregulated NETosis
(release of neutrophil extracellular traps (NETs) that are meant to clear
infections). In sepsis and COVID-19, excessive NET components, includ-
ing DNA and histones, actas DAMPs, inducing inflammatory cell death
and contributing to coagulopathy and ARDS®*”. In SLE, NETs serve as
auto-antigens that sustain immune activation, leading to the release
of cytokines such as IL-1B and type l interferons (for example, IFN«)
by plasmacytoid dendritic cells’>” (Fig. 3). Therapeutic approaches
targeting extracellular histones have shown promiseinreducing organ
damage in sepsis®®’*7”,

Adaptive immune cells. Adaptive immune cells, although less
implicated than innate immune cells in the onset phase of cytokine
storm, have critical roles in perpetuating inflammation and exacer-
bating disease severity through the amplification and peak phases
by contributing to excess cytokine release (Fig. 2).

Overactivation of CD4" T cells, particularly the T,,1 and T,,17
cell subsets, drives cytokine release and tissue damage in severe
COVID-19, HLH and autoimmune diseases’™ 7. T1 cells secrete large
amounts of IFNy, whereas T,17 cells release IL-17, both of which con-
tribute to cytokine storm by activating macrophages and recruiting

neutrophils”™ (Fig. 3). CD8" cytotoxic T lymphocytes exacerbate tis-
sue damage in viral infections like influenza and severe COVID-19
by releasing cytokines such as TNF and IFNy*® (Fig. 3). The killing of
infected cells by cytotoxic Tlymphocytes also releases various PAMPs
and DAMPs, which can be sensed by pattern-recognition receptors on
innateimmune cellsto perpetuate further cytokine release. Addition-
ally, dysregulated regulatory T cells fail to suppress excessive immune
responses, allowing the stormto persistin COVID-19 and autoimmune
conditions like SLE and type 1 diabetes mellitus®*,

Although B cells are not direct drivers of cytokine storm, they
contribute to diseases like SLE and COVID-19 by producing auto-
antibodies®**, These auto-antibodies form immune complexes that
activate macrophages and neutrophils via Fcreceptors and the comple-
ment system, indirectly promoting cytokine release. In SLE, immune
complexes activate plasmacytoid dendritic cells through TLR9, lead-
ing to excessive IFNa production and tissue damage® (Fig. 3). B cell
hyperactivation has also been linked to the secretion of IL-6 and TNF®,
Notably, depletion of B cells via anti-CD20 therapy has been effec-
tive in reducing cytokine production in conditions such as human
herpesvirus 8 (HHV8)- and HIV-associated multicentric Castleman
disease®*¥,

Adaptive and innate immune cell mechanisms of cytokine produc-
tioncanalsobeintrinsically linked. Forinstance, in CAR T cell therapy,
cytokine storm is often triggered by the rapid killing of tumour cells,
which releases DAMPs such as DNA, RNA, HMGB1 and ATP. These
DAMPs activate pattern-recognition receptors oninnateimmune cells,
stimulating the production of IL-6, TNF, IFNy and IL-13%® (Fig. 3).

Cytokine storm amplification

The initial cytokine release that precipitates cytokine storm can
occur as aresult of either cellular signalling that drives cytokine
productionandrelease or the execution of inflammatory cell death,
whichinduces the formation of membrane pores for cytokines to
leak out. At the cellular level, multiple lytic cell death pathways,
including pyroptosis and PANoptosis, can contribute to the release
of cytokines, and both have been associated with cytokine release for
cytokine storm***#°%!, Once cytokine productionisinitiated, the short
half-lives of most cytokines are meant to ensure the timely resolution
ofinflammation. However, in the case of cytokine storm, chronically
elevated cytokine levels can disruptimmune homeostasis*and serve
as danger signals that are directly detected by innate immune sen-
sors on neighbouring cells. The innate immune sensors engaged by
cytokines can induce paracrine PANoptosis, resulting in inflamma-
tory cell deathin cells exposed to cytokines, which further perpetu-
ates cytokine release (Fig. 4). This process forms a self-amplifying
loop that drives persistent immune activation and systemic tissue
injury’? (Fig. 1). Tissue damage and pathology in cytokine storm
are associated with cytokine-mediated damage at multiple sites,
including cytokine-mediated damage to the vascular endothe-
lium, resulting in oedema throughout the body and causing organ
dysfunction®?; cytokine-mediated lung injury, causing alveolar dis-
ruptionand reduced gas exchange’; cytokine-mediated disruptions
in bone marrow function and haematopoietic stem cell renewal®**;
cytokine-mediated immune cell recruitment to organs, where they
candirectly cause damage’®; and the loss of critical cells due to the
induction of cytokine-mediated cell death through PANoptosis™*.

PANoptosis and inflammatory cell death. PANoptosisisalyticinnate
immune cell death pathway initiated by innate immune sensors and
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Cytosolic innate immune sensors
(Sensor: stimuli)

ZBP1: Z-nucleic acids

NLRP3, NLRP12, NLRC5: PAMPs/DAMPs
AIM2, RIPK1: Pathogens

TNF

IAFAF

—DAMPs

Fig. 4 | Innateimmune sensors and PANoptosis

in cytokine storm amplification. Innate immune
sensing and PANoptosome assembly induce
PANoptosis to drive further cytokine and damage-
associated molecular pattern (DAMP) release and
inflammation. Upon sensing pathogen-associated
molecular patterns (PAMPs) and DAMPs, certain
cytosolic sensors assemble a multi-protein complex
known as the PANoptosome by recruiting key

IFNv

\f

iy ) ( STAT1 | celldeath regulators, including caspases (CASP)
% x ST Innate immune \ . . L.

o Q sensors and receptor-interacting protein kinases (RIPKs).
pathogen;?’ 3 /\ “—» l Caspase 8 (CASP8) is a key regulatory molecule in this
g ”‘ o ) ( STAT1 process. After complex formation and activation,

GS?TZQ PANoptosis, aninflammatory form of innate immune
—_— celldeath, is triggered, leading to the activation of a
ASC CASP8 l network of pore-forming and membrane-damaging
.. .-- (RIPK3 p— molecules. This membrane damage releases cytosolic
CASP1 Y I JRE ' contents and inflammatory mediators, which can
\ 84 RIPK1 Paracrine ’
l PANoptosis further perpetuate PANoptosis and inflammation.
o8 (n‘ﬁghboufing Specific endogenous and pathogen-derived
! cel molecules serve as triggers for PANoptosome
*ﬁ]}f g l formation, including Z-nucleic acids (sensed by
/‘g} %G) 7 N ZBP1), PAMPs and DAMPs (sensed by NLRP3, NLRP12
;? %.ﬁ;;_ TTmmmTmmmmommmmmmmees @9 and NLRCS), and pathogens such asHSV1and
oAN {Z‘?@Z‘ Francisella (sensed by AIM2) or Yersinia (sensed by
asse?ﬁéfjome RIPK1). Additionally, the synergistic action of TNF
Executioner activation and IFNy activates the JAK-STAT1signalling pathway,
Membrane pore formation; PMR leading to upregulation of IRF1and inducible nitric
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drivenby caspases and receptor-interacting protein kinases (RIPKs). In
response to pathogens, PAMPs, DAMPs and homeostatic disruptions,
innateimmune sensors can activate to form a PANoptosome complex
that drives the execution of cell death (PANoptosis) and the release of
cytokines and DAMPs” (Fig. 4). Furthermore, cytokines themselves can
activateinnateimmune sensors to drive PANoptosis® Studies have iden-
tified several PANoptosome-forminginnateimmune sensors®”®, with the
nucleic acid sensor ZBP1being the firstidentified”*'°° (Fig. 4). ZBP1was
initially characterized as the innate immune sensor of influenza A virus®
thatcandrive NLRP3 inflammasome activation, IL-13 and IL-18 produc-
tion, and inflammatory cell deathand PANoptosis. Additional research
hasshownthat ZBP1canalso formaPANoptosome and drive cell death
during SARS-CoV-2 infection'” as well as during tumour immunity'®%,
Furthermore, ZBP1 has been implicated in several auto-inflammatory
disorders owing to its regulation by the RNA-editing enzyme ADAR1
(ref. 103). In homeostasis, ZBP1 and ADAR1 interact with each other
to inhibit ZBP1-mediated PANoptosis'**'*>, Mutations in ADARI lead
to abnormal type I interferon production, heightened interferon-
stimulated gene (ISG) expression, accumulation of endogenous
Z-nucleicacids, and chronic systemicinflammation and are associated
with diseases such as Aicardi-Goutieres syndrome, SLE and bilateral
striatal necrosis'”. The pathology in these conditions may be attributed
to the failure of ADAR1to block ZBP1-mediated PANoptosis'®%.

Studies have identified several other PANoptosome sensors.
NLRCS and NLRP12 form a PANoptosome, with the NLRP3 inflamma-
someas anintegral component, todrive cell death as well as DAMP and
cytokine release in response to haem and PAMPs or TNF®19“1% (Fig. 4).
This signalling complex likely amplifies systemic inflammation in
conditions associated with haemolysis, such as SLE, infection and
autoimmune diseases, where the haem released by haemolysis serves
asapotent DAMP®'°*1% RIPK1and AIM2 also assemble PANoptosomes
to mediate inflammatory cell death in response to pathogens, with
RIPK1responding to Yersinia'® and AIM2 responding to Francisella and
herpes simplex virus1(HSV1)'”” (Fig. 4). NLRP3 has also been identified
asaPANoptosome sensor'®,

Cytokines and PANoptosis — amplification loop. Although innate
immune sensors regulate the upstream activation of PANoptosis,
the shared downstream outcome is caspase 8 activation, along with
activation of other caspases and RIPKs, followed by cellular lysis and
plasmamembrane rupture, ofteninvolving anetwork of executioners
and NINJ1(refs.109,110); this process releases cytokines and DAMPs to
perpetuate further inflammation (Figs.1and 4). Once cytokines have
been released, whether because of lytic cell death or through other
signalling pathways (for example, NF-kB, p38, JNK, AP-1and inter-
feron signalling), the cytokines themselves can also drive paracrine
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PANoptosis. Molecularly, TNF and IFNy together activate JAK1-STAT1
signalling to upregulate IRF1, which in turn induces inducible nitric
oxide synthase to produce nitric oxide. This increase in nitric oxide
activates caspase 8 and RIPK3-mediated PANoptosis’ (Fig.4). TNF and
IFNy seem to be sufficient to drive cytokine storm, asintraperitoneal
injection of these cytokines induces mortality in mice*'" and mirrors
the major symptoms of cytokine storm observed in patients with
COVID-19 (ref. 2). Extracellular ISG15, released from macrophages
in response to SARS-CoV-2 papain-like protease (PLpro), amplifies
inflammation by engaging the TNF and IFNy feedforward loop that
drives immunopathology in COVID-19 (ref. 112). Furthermore, neu-
tralization of TNF and IFNy is effective in improving cytokine storm
symptoms in preclinical models of COVID-19, septic shock and HLH?.

Collectively, the activation of PANoptosis and cytokine release
form a feedforward loop to perpetuate inflammation and drive
cytokine storm pathogenesis. This process forms the molecular basis
for cytokine storm (Fig.1).

Diagnosis, screening and prevention

Signs and symptoms

As discussed above, cytokine storm is an umbrella term encompass-
ing several life-threatening clinical syndromes. Hence, the symptoms,
severity, onset and duration of cytokine storm vary greatly. The clinical
presentation of cytokine stormalso varies depending on the underly-
ing aetiology, disease triggers and treatments administered to the
patient'”, Despite variability in the initial pathological processes,

Common systemic symptoms
Fever, chills, anorexia, fatigue, sweating,
nausea

Lungs
ARDS, dyspnoea, cough, pneumonitis,
hypoxia, oedema

Liver

Acute liver injury, hepatomegaly,
jaundice, cholestasis, liver failure and
increased levels of AST, ALT and bilirubin

Bones/joints
Arthritis, arthralgia, osteomyelitis,
myalgia, vasculitis, myositis

1

Skin
Rash, clammy/mottled skin, oedema,
cyanosis, lesions

—

Fig. 5| Clinical manifestations and organ-specific complications associated
with cytokine storm. Thisillustration summarizes the major organ system
dysfunctions and clinical features that arise from widespread immune
dysregulation, endothelial injury and cytokine-mediated inflammation during

the later phases of cytokine storm often converge into a similar set of
clinical manifestations.

The symptoms of cytokine storm typically begin with nonspecific
systemic signs such as persistent fever, fatigue, anorexia, headache
and, insome cases, diarrhoea, arthralgia, myalgia and neuropsychiatric
symptoms (for example, confusion, agitation or mood changes)® (Fig. 5).
These symptoms may result from tissue damage and acute physiologi-
cal changes caused directly by cytokines or symptoms may be caused
byimmune cells sensing and responding to the cytokines. Additionally,
acuteliverinjury and central nervous system involvement, manifesting
as encephalopathy or seizures, are common early features of severe
cytokine storm, reflecting the high metabolic and vascular sensitiv-
ity of these organs to systemic inflammation™. Without prompt and
aggressive treatment, patients can progress rapidly to severe complica-
tions, including disseminated intravascular coagulation, hypotension,
dyspnoea and hypoxaemia, and vasodilatory shock. Renal failure and
cardiomyopathy tend to occur later in the disease course as well, sec-
ondary tosustained cytokine exposure, haemodynamic instability and
multiorgan stress. Many patients also show respiratory symptoms like
coughing and rapid breathing, which can develop into ARDS (Fig. 5).
Therefore, early diagnosis of cytokine storm — to provide treatment
before severe complications begin — will be lifesaving.

Laboratory findings

The laboratory findings in cases of cytokine storm vary based on the
underlying aetiology but share common features consistent with

Brain

Brain fog, anxiety, depression, delirium,
headache, seizures, encephalopathy

Heart

Tachycardia, hypotension, arrhythmias,
heart failure, myocarditis,
cardiomyopathy, and increased troponin
and BNP

Stomach/intestines
Diarrhoea, vomiting, abdominal pain or
discomfort, Gl bleeding, ascites

Kidney

Fluid retention, oliguria/anuria,
hyperkalaemia, acute kidney injury, renal
failure

Vessels

Cytopenia, capillary leak,
microthrombosis, lymphadenopathy,
coagulopathy, haemorrhage, endothelial
damage and increased vascular
permeability, ferritin, D-dimer, fibrinogen,
CRP, lactate and cytokines

cytokine storm. ALT, alanine transaminase; ARDS, acute respiratory distress
syndrome; AST, aspartate transaminase; BNP, B-type natriuretic peptide;
Gl, gastrointestinal.

Nature Reviews Disease Primers | (2026) 12:1


http://www.nature.com/nrdp

Primer

systemic inflammation. However, no specific biomarkers currently
exist. A hallmark of cytokine storm, as highlighted in its definition,
is the release of inflammatory markers in the systemic circulation.
Routine nonspecificinflammatory markers are also generally elevated
incytokine storm. CRP, aliver-produced acute-phase reactant, is con-
sistently increased in the circulation, and its concentration correlates
with disease severity'”. Patients with cytokine storm also frequently
exhibit hypertriglyceridaemia and blood-count abnormalities, includ-
ing leukopenia, leukocytosis, thrombocytopenia and anaemia. This
process can be accompanied by elevated D-dimer and low fibrinogen
concentrations.

Evidence suggests that the changes in circulating cell numbers
may be caused by acomplexinterplay between cytokine-induced pro-
duction and mobilization ofimmune cells from bone marrow progeni-
tors, immune-mediated lysis of the cells (for example, red blood cell
lysis leading to thrombotic microangiopathy) and chemokine-induced
migration®. The presence of thrombocytopenia is most likely a com-
bination of poor bone marrow production (owing to leukaemic
infiltration), peripheral consumptionin enlarged spleen or liver, or dis-
seminated intravascular coagulation or thrombotic microangiopathy.
Cytokine storm often presents features of (sub)clinical disseminated
intravascular coagulation; therefore, relative thrombocytopeniaisan
important diagnostic clue.

Among inflammatory markers, one of the most specific markers
for diagnosing cytokine storm is a disproportionately high circulat-
ing concentration of ferritin, which is an iron-binding protein pri-
marily released by activated macrophages as well as hepatocytes and
other cells™. Although no specific diagnostic threshold for ferritin in
cytokine storm has been described, very high concentrations should
trigger an assessment for cytokine storm'®, For example, in patients
with Still-associated MAS, median ferritin circulating concentrations
were >5,000 ng/ml (ref. 119).

Additionally, circulating concentrations of cytokines that con-
tribute to disease pathogenesis are elevated in patients with cytokine
storm.In CART cell-induced cytokine storm, IL-6 and the T cell activa-
tionmarker solubleIL-2 receptor-a (sIL-2Ra) chain, also termed sCD25,
areincreased, and moleculesintheinterferon pathway, including IFNy
andtheinterferon-inducible chemokines CXCL9 and CXCL10, are also
elevated™. Increased IFNy activity, mirrored by high circulating con-
centrations of CXCL9, has also been reported in patients with Still dis-
ease associated with MAS'?, IL-18, astrong inducer of IFNy, is also very
highin the circulation of patients with MAS'*. Excessive T cell activation
inthe cytokine stormassociated with Kawasaki disease isaccompanied
by high concentrations of sIL-2R as well as the increased production of
IL-17 (ref.123). However, no standard cytokine profileis currently avail-
able that can be used to predict cytokine storm?; this lack of markers
isamajor limitation of current screening and diagnostic procedures.

For additional diagnostic assessment, haemophagocytosis has
been described as a specific characteristic of MAS or cytokine storm;
however, bone marrow biopsy is not often performed owing to low
sensitivity and specificity”. The circulating concentrations of transami-
nases are oftenincreased and can help the diagnosis as hepatitis occurs
during some forms of cytokine storm'?*, Additional diagnostic investi-
gations in patients with cytokine storm can include imaging directed
to detect enlarged liver, spleen and lymph nodes, which allows the
assessment of end organ involvement.

Overall, given the varied laboratory findings from patient to
patient, currently, no standardized set of diagnostic criteriais available
that can be applied to cytokine storm.

Screening and prevention

As cytokine storm generally results from an underlying clinical condi-
tion, diagnosing the cause is critical. However, diagnosis can be chal-
lenging based on clinical features alone, given the overlapping clinical
presentation across all types of cytokine storm. Physicians consider the
patient’s underlying medical condition, which might already be known
or may require its own diagnosis. A patient may need to be diagnosed
with ageneticdisorder, autoimmune or auto-inflammatory condition,
or infection, necessitating various medical tests.

Distinguishing cytokine storm caused by iatrogenic factors,
such as CAR T cell therapy, from cytokine storm owing to systemic
infections or auto-inflammatory conditions is crucial, as the clini-
cal management strategies will be different. Cytokine storm is often
encountered in patients who display a dysregulated, exaggerated
immune response during viral infections and, therefore, the potential
diagnosis of viral infections such as Epstein-Barr virus, cytomegalo-
virus, adenovirus, HHV6, HHVS8, human immunodeficiency virus, or
SARS-CoV-2is particularly important for addressing the aetiological
cause of the syndrome'>'?, Similarly, cytokine storm can be encoun-
tered in patients with autoimmune diseases (for example, SLE) or hae-
matological malignancies (for example, lymphomaand leukaemia)***°,
Therefore, a complete work-up for infection, along with laboratory
assessments of kidney and liver function, should be performed in all
suspected cases’.

The various challengesin screening and diagnosis make it difficult
to provide early treatment, which s often critical for patientimprove-
ment. Therefore, many clinical strategies are focused on prevention.
As many cases of cytokine storm are induced by pathogens, avoiding
infection and maintaining microbiome homeostasis are associated with
areduced risk of cytokine storm'® %, Other preventive measures can
also be beneficial. In the case of cytokine storm induced by bacterial
infections, CART cells, and other T cell-activating therapies, catecho-
lamine levels can dramatically increase, leading to an increase in the
production of IL-6 and other cytokines, and enhancing inflammatory
injury. Treatment with the tyrosine hydroxylase antagonist metyros-
ine canreduce catecholamine levels and cytokine responses, substan-
tially increasing survival in mice challenged with various inflammatory
stimuli®°. Similar protection against hyperinflammatory stimuli is
observed withadrenergic receptor antagonists, which suggests poten-
tial for this drug class to prevent cytokine storm™. One retrospective
clinical study showed that patients who are hospitalized and diagnosed
with pneumoniaor ARDS are significantly less likely to require mechani-
cal ventilation and have reduced mortality if they took adrenergic
receptor antagonists during the year preceding hospitalization'.
Inthe case of therapeutic intervention-induced cytokine storm, drug
screening methods may help to predict patients more likely to develop
cytokinestorminresponse to certain drugs, although current methods
have yet to reliably predict such outcomes. For individuals receiving
immunotherapy, evaluating the patient and modulating the medication
dosage may reduce the risk of cytokine storm.

Overall, the screening and prevention of cytokine storm still face
major limitationsin the clinic, and future advancesin screening technol-
ogieswillbe needed toidentify patients who are at risk for developing
cytokine storm.

Management

The management of cytokine storm generally focuses on identifying
the underlying disorder that caused theinitialimmune dysregulation,
assessing the severity of the patient’s clinical condition, and deciding
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Table 1| Therapeutics in cytokine storm — targeted treatments for cytokine pathways

Target Anti-IL-1 Anti-IL-18 Anti-IL-6/IL-6R Anti-TNF Anti-IFNy Anti-JAK Refs.
Drugs Anakinra Tadekinig-a Tocilizumab Adalimumab Emapalumab Baricitinib

Canakinumab Siltuximab Certolizumab Tofacitinib

Rilonacept Sarilumab Etanercept Upadacitinib

MAS825 Golimumab Ruxolitinib

Infliximab

Mixed Sepsis sJIA GvHD Sepsis COVID-19 SLE 43,64,163,
responses COVID-19 Adult Still disease  Sepsis COVID-19 Crohn'sdisease  HLH 164,181-203
orongoing CART cell therapy NLRC4-MAS Crohn’s disease
clinical trials . o o

Giant cell arteritis Psoriasis

Gout

Psoriasis

sJIA

MAS
FDA-approved sJIA None sJIA Rheumatoid arthritis  Adult Still disease = COVID-19 26,160,165,
drugs (any Adult Still disease Castlemandisease  Crohn’s disease sJIA 173,204-227
wictj;wcg;;icz:?cy Rheumatoid arthritis CART cell therapy Ulcerative colitis GvHD
in the given CAPS Rheumatoid arthritis  Psoriasis Rheumatoid arthritis
setting FMF Giant cell arteritis Refractory asthma Ulcerative colitis

COVID-19

CAPS, cryopyrin-associated periodic syndromes; CAR, chimeric antigen receptor; GvHD, graft-versus-host disease; FMF, familial Mediterranean fever; HLH, haemophagocytic lymphobhistiocytosis;
MAS, macrophage activation syndrome; sJIA, systemic juvenile idiopathic arthritis; SLE, systemic lupus erythematosus.

the appropriatetreatment based on the aetiology and severity (Table 1).
Here, we focus primarily on the therapeutic approaches that target
cytokine stormitself, rather than the underlying disease. Early interven-
tion is often considered critical to minimizing the tissue damage and
potential organ failure that canresult from cytokine storm. The lack of
clear diagnostic criteria or cytokine thresholds makes early treatment
difficult. Several groups of medications can be considered for the treat-
ment of cytokine storm, as also detailed in the official recommenda-
tion documents of the American College of Rheumatology-European
League Against Rheumatism consensus report on MAS'®,

Glucocorticoids

Glucocorticoids are potent anti-inflammatory drugs that inhibit
multiple inflammatory pathways, including NF-kB signalling, the
synthesis of pro-inflammatory cytokines and chemokines, and
lymphocyte proliferation. At the same time, glucocorticoids can
enhance the production of anti-inflammatory cytokines such as
IL-10 or IL-1Ra™*. Owing to their potent anti-inflammatory effects,
glucocorticoids represent a crucial componentinthe treatment of
cytokine storm. Treatment is usually started through daily intrave-
nous ‘pulse’ therapy of methyl-prednisolone for 3 days, followed by a
lower dose of the drug'*. Dexamethasone is an alternative glucocor-
ticoid preparation that can be used, and it has been recommended
for cytokine storm associated with primary HLH"*"”, The duration
of treatment with glucocorticoid therapy depends on the clinical
progression of the disease in each patient but usually extends for
4-8 weeks.

Corticosteroids seem to be most beneficial for people with
cytokine storm owing to underlying autoimmune diseases™®. How-
ever, whether a corticosteroid is the best option for people with
cytokine storm from other causes is not clear. Corticosteroids may
blunt the therapeutic effect of CAR T cells and increase susceptibility
to post-treatment infections™*"*°, Therefore, more specific, targeted
therapies are often considered.

Cytokine inhibitors

Targeted therapies that block circulating cytokines are frequently
used in the management of cytokine storm (Table 1). One of the
major pathophysiological pathways in cytokine stormis the elevated
bioactivity of IL-1, and inhibitors of this pathway decrease hyperin-
flammation in auto-inflammatory syndromes as well as common
inflammatory diseases'*. The first specific inhibitor developed
to target the IL-1 pathway is anakinra — a recombinant IL-1 recep-
tor antagonist with a short half-life so as to limit the increased risk
of infection that can be an adverse effect. Randomized trials with
anakinratomanage cytokine stormhave been conductedin COVID-19,
and anakinra has demonstrated beneficial effects in patients with
COVID-19 and severe hyperinflammation identified via high circu-
lating concentrations of soluble urokinase plasminogen activator
receptor®®. In addition, extensive observational studies sup-
port the use of anakinra in cytokine storm associated with other
diseases'”. Furthermore, anakinra has been especially used in the
treatment of cytokine storm associated with Still disease, where the
role of IL-1 pathways in the pathophysiology is well documented.
This therapeutic approach often requires higher dosing than the
typical amounts prescribed, and may be complemented with glu-
cocorticoids to achieve adequate control of hyperinflammation'*,
Inaddition, anakinra has been suggested for use in the treatment of
sepsis-associated cytokine storm. A post hoc analysis of an earlier
anakinra trial in sepsis suggested that the treatment would have
been successful if patient stratification had been applied based on
cytokine storm criteria'*. This conclusion is supported by the results
of the small randomized PROVIDE trial of anakinrain sepsis-induced
cytokine storm'*, which is the basis of the larger phase lIb Immu-
nosep trial testing the use of anakinra in cytokine storm associ-
ated with sepsis'*. Studies have also shown that anakinra alleviates
hypercytokinaemiain sJIA and COVID-19 (refs.146,147). In addition,
the monoclonal anti-IL-1B antibody, canakinumab, can inhibit IL-1
bioactivity. However, canakinumab has several disadvantages — it
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inhibits only IL-1$ and not IL-1a, its long half-life may be deleteri-
ousinserious conditions, and it has poorer central nervous system
penetration. The cost of canakinumab is also much higher than that
of anakinra, which limits its use, although some studies reported
beneficial effects™.

The role of IL-6 blockade in cytokine storm treatment is less
well studied, with the exception of CAR T cell therapy-induced
cytokine stormandin severe hyperinflammatory forms of COVID-19.
Tocilizumab, an anti-IL-6R antibody, is frequently used in CRS
downstream of CAR T cell therapy, where IL-6 is known to drive
clinical manifestations. However, tocilizumab lacks efficacy for
cytokine-related neurotoxicity, as it is not known to cross the
blood-brainbarrier'*’. Additional strategies to mitigate the risk of
cytokine storm by modifying the CART cells toinclude transgenic
cytokine release cassettes are also being investigated™". Clinical
trials involving anti-IL-6R therapy, such as tocilizumab (also in com-
bination with dexamethasone), have also shown promise in some
patients with COVID-19, with the RECOVERY" and REMAP-CAP'**
trials showing benefitin patients with hypoxiaandin the intensive
care unit™ ™, These results led to the FDA approval of anti-IL-6R
monoclonal antibodies as treatment for COVID-19. However, not
all clinical studies using anti-IL-6R antibodies have shown clini-
cal effectiveness, with some of the trials, such as COVACTA™® and
Kevzara'’, failing to improve clinical status or reduce patient
mortality”®. The EMPACTA"’ trial reduced the number of patients
requiring mechanical ventilation by day 28 but did not improve
survival'®®. Overall, the specific use of IL-6-blocking therapies to
treat cytokine storm in COVID-19 has had mixed results. Beyond
COVID-19, some, but not all, studies have also suggested beneficial
effects of tocilizumab in cytokine storm associated with sJIA?%1¢162,
Emerging evidence suggests that anti-IL-6R antibodies may also
have beneficial effects in patients with septic shock and cytokine
storm'®'**, but the studies are retrospective or small, and larger
randomized clinical trials are warranted to assess this effect.

Another cytokine targeted to reduce cytokine storm patho-
genesis is IFNy. The anti-IFNy neutralizing antibody emapalumab
is effective for primary HLH or cytokine storm that is refractory
to conventional therapy'®. Similarly, emapalumab has beneficial
effects in patients with cytokine storm associated with Still disease
that did not respond to high-dose glucocorticoids'*'*’. AsIFNyis an
important component of antimicrobial host defence, these patients
should be monitored for potential infectious complications, which
should be promptly treated.

TNF-targeted therapies in cytokine storm should also be consid-
ered with care. Although some small case series have shown potential
benefitsin settings such as sepsis-associated hyperinflammation, MAS
andsevere COVID-19 (refs.168-170), other studies show that anti-TNF
therapy impairs host defence and increases susceptibility to secondary
infections'. These mixed findings indicate that TNF blockade alone
may not be universally effective and highlight the need for carefully
designed combinatorial strategies. Such approaches should consider
disease context, timing and patient-specific risk factors.

JAK inhibitors

Several of the pro-inflammatory cytokines associated with cytokine
storminduce cellular activation cascades thatinvolve JAK, forexample,
typellinterferon (IFNy) signals through JAK1and JAK2, IL-2 through JAK1
andJAK3, IL-12 throughJAK2, and IL-15 through JAK1and JAK3. Addition-
ally, TNF and IFNy require JAK-STAT signalling to induce PANoptosis

and drive the positive feedback loop between cell death and cytokine
storm?. Given their critical role in cytokine signalling, JAK inhibitors
have the potential to be broadly therapeutic in cytokine storm, and
these inhibitors have been suggested as potential treatment™. In this
respect, the JAK1-JAK2 inhibitor ruxolitinib improves outcomes in
childrenwith HLH"2 Additionally, the JAK inhibitor baricitinib showed
efficacy in COVID-19 (ref.173).

Etoposide
Etoposideisachemotherapeutic agent that causes DNA double-strand
breaks by inhibiting topoisomerase Il function. Etoposide has been
used withgood results in cytokine storm, especially in primary HLH"*,
In experimental models of hyperinflammation, etoposide selectively
depletes activated T cells, providing a possible explanation for its
effects in cytokine storm'”. The combination of etoposide and ster-
oids may also be beneficial in cases of severe or refractory secondary
HLH caused by infection or cancer. However, the effect of etoposide
onsurvivalis less clear despite its beneficial biochemical response in
cytokine storm". In cytokine storm associated with rheumatic diseases,
etoposideistypically reserved for second-line or third-line therapy'”.
Overall, treatments for cytokine storm are complex, and these
generally target the different components of the pathophysiological
processthatlead to hyperinflammation. The heterogeneity of cytokine
storm warrants individualized therapies in contrast to a single treat-
ment across all cytokine storm cases. Additionally, successful treat-
ment of cytokine storm should include aggressive therapy directed
towards the underlying disease and immune signalling pathways and
mechanisms causing the hyperinflammation to maximize benefit to
the patient.

Quality of life

Thelong-term effect of cytokine storm on the quality of life of patients
iscurrently anunder-examined areain the literature. In patients who
have cytokine storm secondary to a resolved trigger, the quality of
life impacts may be less than in patients who have chronic cytokine
storm. A study examining quality of life using the EuroQol 5-dimension
5-level questionnaire did not demonstrate any impact on quality of
life at 3 months and 6 months following COVID-19 hyperinflammation
syndrome'”’. By contrast, for paediatric patients diagnosed with HLH,
quality of life (measured by the PedsQL 4.0 Parent Proxy Report) was
lower than in healthy controls in the first year following diagnosis
of HLH"®. However, by 5 years post-diagnosis, quality of life was not
statistically different between patients with a diagnosis of HLH and
their peers without an HLH diagnosis®. This result implies that the
impacts of cytokine storm on quality of life may not be permanent.
Nevertheless, abetter understanding of the impact of cytokine storm
on quality of life is a key area for future research.

Outlook

Cytokine storm remains a complex and poorly understood spectrum
of clinical manifestations that occurs as a result of multiple triggers.
However, studies defining the underlying mechanisms that drive
cytokine storm have demonstrated shared molecular events underlying
cytokine storm, which provides great potential forimproved therapeu-
tic strategies in the future. Current research focused on developing
new targeted therapiesis leveraging our increasing understanding of
how innate immune sensors and inflammatory cell death signalling
pathways contribute to cytokine storm. As the molecular mechanisms
regulating these processes continue to be defined, there will likely be
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major advances in our ability to treat cytokine storm. Additionally,
incorporating combinatorial therapies, such as blocking more than
one cytokine simultaneously, canbe considered toincrease treatment
success. In the preclinical setting, combined treatment with anti-TNF
and anti-IFNy antibodies improves survival in murine models of HLH,
COVID-19 and sepsis, consistent with the synergy between TNF and IFNy
driving PANoptosisto perpetuate the positive feedback loop between
inflammatory cell death and cytokine storm in these settings® Further-
more, combination treatment with tocilizumab and anakinra, to block
IL-6R and IL-1together, may be beneficialin CART cell therapy-induced
cytokine storm, as tocilizumab cannot cross the blood-brain barrier'’
but anakinra can prevent cytokine-related lethal neurotoxicity'”’.

In addition, current evidence suggests that early and aggressive
treatment provides the greatest benefit for patients with cytokine
storm. However, identifying the therapeutic window for specific treat-
ments is still an ongoing area of investigation. Clinical trials aimed
at targeting cytokine storm have often fallen short of meeting their
primary and/or secondary end points as the translation from preclini-
cal to clinical studies is complicated by the need to optimize dosing
strategies and overcome the narrow therapeutic windowsin patients.
Substantial effort is currently ongoing to improve animal models to
more accurately reflect the inflammation experienced in patients.
New models that can mimic the clinical symptoms of such a diverse
spectrum of cytokine storm causes have been challenging to gener-
ate, and there are often differences in therapeutic outcomes between
animal models and patients (animal models have been comprehen-
sively reviewed elsewhere’*®). The combined administration of TNF
and IFNy in mice can recapitulate many of the clinical symptoms of
cytokine storm”but additional models are needed to incorporate the
upstream functions of cells that naturally produce these cytokinesin
patients. Asthese models are developed and optimized, the therapeutic
development pipeline will be accelerated, and treatment strategies
arelikely toimprove.

Another active area of workin the field isimproving diagnostic and
screening approaches. The current diagnostic workflow of cytokine
storm and its underlying aetiology can often involve acomplex series
oftests, whichis time-consuming and canlead to confusing diagnostic
criteria. Given therapid production of cytokinesin these patients, even
a brief delay in diagnosis can result in a substantial amplification of
disease and aworsening of prognosis. Further work to identify specific
biomarkers and a more specific list of clinical criteria for diagnosis is
ongoing and urgently needed. Additionally, large-scale analyses of
serum samples from patients to stratify risk groups based on cytokine
levels are being considered to inform potential intervention strategies.
As accessibility to high-level diagnostic techniques and personalized
medicine grows, the potential to use diagnostic processes to select or
designindividualized host-directed immunotherapies for each patient
will become available. Tailoring the approach to the patient’s specific
underlying disease aetiology will increase the chances of success.
Interest is growing in using artificial intelligence-based and machine
learning approaches to analyse large volumes of patient data to identify
trends in clinical features and specific cytokine thresholds that will
informrapid diagnostics, which should translate toimproved survival.

Overall, cytokine storm remains challenging in the current clini-
cal setting; however, continued advances in understanding the basic
biology as well as improved diagnostic approaches provide promise
for the future of managing cytokine storm.
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