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Abstract

Cytokine storm describes a spectrum of clinical manifestations that 
feature increased cytokine levels in circulation owing to overactivated 
immune responses. These increased concentrations of cytokines can  
cause tissue and organ damage, potentially leading to lethality. Cytokine  
storm can be induced by a variety of underlying clinical conditions, 
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. 
Cytokine storm is initiated 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, 
can then drive 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.
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molecular patterns (PAMPs), damage-associated molecular patterns 
(DAMPs), cytokines and other homeostatic disruptions activate innate 
immune sensors8, which drive cytokine production through NF-κB, 
p38, JNK, AP-1 and 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 a systemic cytokine storm — 
resulting in tissue and organ damage that can be widespread, severe and 
difficult to manage given the systemic effects throughout the body’s 
critical systems1,3 (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 storm across diverse conditions, understanding the underly-
ing mechanisms in depth will inform the development of more targeted 
therapies to mitigate inflammation and improve patient outcomes.

Epidemiology
The exact incidence of cytokine storm is not well defined. Epidemiological 
studies of cytokine storm are challenging, as a diverse range of conditions 
can serve as underlying triggers leading to monogenic cytokine storm 
and non-monogenic forms such as pathogen-induced, autoimmune and 
auto-inflammatory, or therapeutic intervention-induced cytokine storm. 
Each individual subtype of cytokine storm is rare; however, in aggregate, 
these disorders are not uncommon. Additionally, genetic predisposition 
can increase the chances of an individual developing cytokine storm.

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 damage1–3 (Box 1). Cytokine 
storm was originally described in 1993 as a severe adverse reaction 
to allogenic bone marrow transplantation4, and the clinical presenta-
tion closely resembled macrophage activation syndrome (MAS) —  
a phenomenon that was observed for the first time in the same 
year5. 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)3,6. Additionally, malignancies 
(such as lymphoma) and immune-modulating therapies, includ-
ing chimeric antigen receptor (CAR) T cell therapy, can also trigger 
cytokine storm3,6,7. Although cytokine storm is 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 a common mechanistic pathway that occurs downstream 
of a diverse set of physiological causes1,3.

Several studies have identified the molecular mechanisms driv-
ing cytokine storm, in which cytokine production, inflammatory sig-
nalling, immune dysfunction and cell death pathways interact in a 
self-amplifying feedback loop1,2. Specifically, pathogen-associated 

Box 1 | Terms and definitions
 

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.

http://www.nature.com/nrdp
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Monogenic cytokine storm
Although genetic disorders that directly cause cytokine storm are rare, 
they do occur. The prototypical example is primary HLH, where patients 
have mutations in genes that control immune activation of cytotoxic 
T lymphocytes and natural killer cells (for example, PRF1, UNC13D, STX11 
and STXBP2), leading to sustained T cell and macrophage activation 
that causes cytokine release and damage throughout the body9. The 
frequency of primary HLH varies based on ethnicity and geographic 
region. A study of primary HLH in Texas estimated a prevalence of 1 per 
100,000 children10, whereas another study has reported an incidence 
of 1.2 per 1,000,000 children in Sweden11.

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

cause cryopyrin-associated periodic syndromes that have an incidence 
ranging from 1 to 3 per million individuals, based on a study in France 
(with an estimated prevalence of 1 in 360,000)12, and mutations in 
MEFV in familial Mediterranean fever syndromes have an incidence 
ranging from 1 per 500–1,000 individuals in Armenia and Turkey13,14 
to 1 in 465,500 throughout central Europe15. 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 limited11,16.

Pathogens/PAMPs

Mutations

DAMPs

Innate immune system 
activation

Positive feedback loop

Systemic cytokine release

Cytokine storm

Systemic inflammation

NF-κB–MAPK–IRF signalling, 
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(lytic cell death), 
immune signalling 
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Fig. 1 | Schematic representation of cytokine storm initiation 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 IFNγ, and potentially other 
cytokines, can trigger PANoptosis, further amplifying cytokine production. 

Certain pathogens, such as viruses (for example, SARS and MERS) and bacteria 
(for example, Francisella), and pathogen-associated molecular patterns (PAMPs) 
can also directly 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.
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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 
that the incidence quadrupled between 2003 and 2018, with a reported 
incidence of ~1–4 per 1,000,000 individuals in 2018 (ref. 17). There was 
no increase in incidence in patients <5 years of age (the population most 
likely to have primary HLH), and researchers found that the increase in 
HLH incidence in older patients most likely reflects improved identifi-
cation of the condition owing to increased clinical recognition17. 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 pandemic18. Additionally, 
many disorders that can be causative of secondary HLH, such as inflam-
matory bowel disease, have been increasing in frequency19. Collectively, 
this suggests that the latest increases in the incidence of cytokine storm 
syndromes likely reflect a combination of a true rise in incidence and 
an increase in awareness of the condition.

Pathogen-induced cytokine storm. The epidemiology of pathogen- 
induced cytokine storm, including sepsis-related and SARS-CoV-2-related  
cytokine storm, is particularly difficult to estimate owing to the variabil-
ity in infectious triggers and clinical definitions of cytokine storm. Many 
infections that are associated with cytokine storm have seasonal and 
geographic variability20. Furthermore, infections that may be causative, 
such as dengue, are endemic to specific regions while being infrequent 
in North America and Europe, making the incidence and prevalence of 
the subsequent cytokine storm highly regionally variable21. For exam-
ple, Epstein–Barr virus-triggered cytokine storm is a classic example of 
an infection-triggered cytokine storm; however, its prevalence varies 
based on geographical region, with higher rates of cytokine storm, such 
as chronic active Epstein–Barr virus, in Asia and South America than in 
the USA22. Cytokine storm secondary to SARS-CoV-2 was a substantial 
concern during the COVID-19 pandemic, and a retrospective cohort 
study found the incidence of secondary HLH in patients with COVID-19 
in the intensive care unit to be 8.7%23.

Sepsis is another well-known pathogen-driven condition that is 
commonly associated with cytokine storm. Although the incidence 
of sepsis itself is known to be ~677.5 per 100,000 globally24, the preva-
lence of cytokine storm among these cases is 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. In addition to infections, another well-characterized aetiology 
of cytokine storm is autoimmune or auto-inflammatory disease. MAS 
is a term used to specifically denote cytokine storm or HLH secondary 
to autoimmune diseases. MAS is estimated to complicate ~10% of cases 
of systemic juvenile idiopathic arthritis (sJIA), with as many as 30–40% 
of these patients having subclinical features of MAS25–27. 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 diseases27,28.

Malignancy-induced cytokine storm. Malignancy-associated 
cytokine storm is the most common form in adult patients, although 
it is rare in paediatric patients29,30. Approximately 40–60% of cytokine 
storm cases or secondary HLH cases in adults are due to malignancy30. 
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 
lymphoma29.

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 CRS31. Although the 
incidence and frequency of CRS following CAR T cell therapy can vary 
by CAR construct and disease type, the severity of CRS is most notably 
associated with disease burden32–34. 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) CRS35,36. However, over time, CAR T cell treatments 
have been used earlier in cancer treatment when the disease burden is 
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 CRS37–40.  
In post-marketing surveillance, rates of CRS are reported to be ~50%41.

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 analysis42–44. For 
example, in sJIA, patients with elevated circulating levels of IL-18 owing 
to activating mutations in inflammasome sensors, such as NLRC4 and 
NLRP3, show increased propensity for developing cytokine storm 
or MAS43,44. 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 upstream clinical conditions that lead to cytokine storm 
can vary, shared immune 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-κB 
and lytic, inflammatory cell death signalling, which can produce and 
further release inflammatory cytokines, chemokines, alarmins and 
DAMPs1. Under normal conditions, the innate immune system effi-
ciently resolves inflammation and restores homeostasis, with the short 
half-lives of cytokines limiting their effects to the inflammation site and 
minimizing systemic impacts. However, elevated cytokine levels in the 
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circulation can drive paracrine signalling that causes further cytokine 
production in immune cells and non-immune cells, as well as inflamma-
tory cell death, disrupted immune homeostasis, and damage to vital 
tissues and organs1–3,20. 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 to amplification 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 delineated45 (Fig. 2). In the onset phase (hours to 
days 1–2), pathogens, PAMPs and DAMPs engage innate immune sen-
sors, leading to pro-inflammatory cytokine production and release 
through secretion pathways or via inflammatory, lytic cell death such 
as pyroptosis and PANoptosis. In the amplification phase (days 2–5), 
progressive activation of macrophages and neutrophils, along with 
recruitment of T helper 1 (TH1)–TH17 lymphocytes, intensifies the release 
of cytokines and complement (for example, C3a and C5a)46 as well as 
the induction of inflammatory cell death (PANoptosis), exacerbating 

vascular permeability, driving tissue infiltration and perpetuating a 
feedforward inflammatory circuit47,48. For patients that progress to 
the peak or crisis phase (days 5–10), systemic manifestations become 
severe, including acute respiratory 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 injury49. Finally, in the resolution phase or failure phase, 
the immune system either gradually contracts, with immune cells being 
cleared from the body, or progresses towards immune paralysis, where 
immune cells can no longer respond effectively to stimuli and perform 
their critical host defence functions50–52 (Fig. 2).

Role of immune 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-1 family cytokines 
(such as IL-1β and IL-18), IL-6, TNF and IFNγ are likely the most impor-
tant drivers of the condition53. Both innate and adaptive immune cells 
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Fig. 2 | Temporal progression of immune 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;  
TH, T helper.
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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 pathways54,55.

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 γδ 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-κB, p38, JNK, AP-1 
and interferon signalling, leading to transcriptional upregulation of 
inflammatory cytokines, including IL-6, TNF and IL-1 family cytokines. 
Among these, the IL-1 family cytokines IL-1β and IL-18 require inflam-
masome activation for their maturation and release. Inflammasomes 
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Fig. 3 | Cellular and cytokine networks in cytokine storm. In cytokine storm, 
there is a complex interplay among innate, adaptive, engineered and non-immune 
cells contributing to cytokine storm and systemic inflammation. Innate immune 
cells — macrophages, monocytes, dendritic cells, neutrophils, natural killer  
(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 helper 1 (TH1), TH17, γδ 
T cells, cytotoxic T lymphocytes (CTLs) and B cells — amplify responses through 

cytokines such as IFNγ, 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-1β, 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.
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are multi-protein complexes comprising a sensor (for example, NLRP3, 
AIM2, NLRC4, pyrin and NLRP1)8, the adaptor ASC and the effector 
protease caspase 1, which cleaves IL-1β and IL-18 to their active forms56. 
Mutations in genes encoding inflammasome sensors, such as NLRP3, 
MEFV and NLRC4, result in constitutive or hyperactive inflammasome 
assembly, leading to excessive IL-1β and IL-18 release57. These mutations 
are also strongly linked to systemic auto-inflammatory diseases, includ-
ing cryopyrin-associated periodic syndromes, familial Mediterranean 
fever and MAS57. Additionally, IL-1 family cytokines have emerged as 
key mediators of hyperinflammation, particularly in conditions such 
as COVID-19 and sJIA, in which cytokine storm occurs58. Elevated levels 
of circulating IL-18 have been consistently observed in patients with 
adult-onset Still disease or sJIA who develop cytokine storm59, 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-1 blockade in severe COVID-19 have reported incon-
clusive results, with limited improvement in mortality62–64, 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 cytokines in cytokine 
storm pathology1,2,64,65.

At the cellular level, monocytes and tissue-resident macrophages 
are the major contributors to the onset phase of cytokine storm by 
releasing large quantities of IL-1β, IL-6 and TNF (Fig. 3), which drive par-
acrine cell death, systemic inflammation, and organ dysfunction and 
failure. For example, in HLH and MAS, macrophages are hyperactivated, 
leading to haemophagocytosis, cytopenias and excessive cytokine 
production65 (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 γδ T cells contribute 
to cytokine storm by secreting high levels of IFNγ and TNF66. These 
cytokines synergistically trigger inflammatory cell death and exacer-
bate tissue damage as observed in preclinical models of SARS-CoV-2 
infection, sepsis and HLH2 (Fig. 1). Additionally, in COVID-19, plasma-
cytoid dendritic cells infiltrate the lungs and activate macrophages to 
amplify cytokine storm67.

Beyond the innate immune 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, act as DAMPs, inducing inflammatory cell death 
and contributing to coagulopathy and ARDS68–71. In SLE, NETs serve as 
auto-antigens that sustain immune activation, leading to the release 
of cytokines such as IL-1β and type I interferons (for example, IFNα) 
by plasmacytoid dendritic cells72,73 (Fig. 3). Therapeutic approaches 
targeting extracellular histones have shown promise in reducing organ 
damage in sepsis68,74,75.

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 TH1 and TH17 
cell subsets, drives cytokine release and tissue damage in severe 
COVID-19, HLH and autoimmune diseases76–78. TH1 cells secrete large 
amounts of IFNγ, whereas TH17 cells release IL-17, both of which con-
tribute to cytokine storm by activating macrophages and recruiting 

neutrophils79 (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 IFNγ80 (Fig. 3). The killing of 
infected cells by cytotoxic T lymphocytes also releases various PAMPs 
and DAMPs, which can be sensed by pattern-recognition receptors on 
innate immune cells to perpetuate further cytokine release. Addition-
ally, dysregulated regulatory T cells fail to suppress excessive immune 
responses, allowing the storm to persist in COVID-19 and autoimmune 
conditions like SLE and type 1 diabetes mellitus81,82.

Although B cells are not direct drivers of cytokine storm, they  
contribute to diseases like SLE and COVID-19 by producing auto- 
antibodies83,84. These auto-antibodies form immune complexes that 
activate macrophages and neutrophils via Fc receptors and the comple-
ment system, indirectly promoting cytokine release. In SLE, immune 
complexes activate plasmacytoid dendritic cells through TLR9, lead-
ing to excessive IFNα production and tissue damage83 (Fig. 3). B cell 
hyperactivation has also been linked to the secretion of IL-6 and TNF85. 
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  
disease86,87.

Adaptive and innate immune cell mechanisms of cytokine produc-
tion can also be intrinsically linked. For instance, 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 on innate immune cells, 
stimulating the production of IL-6, TNF, IFNγ and IL-1β88 (Fig. 3).

Cytokine storm amplification
The initial cytokine release that precipitates cytokine storm can 
occur as a result of either cellular signalling that drives cytokine 
production and release or the execution of inflammatory cell death, 
which induces 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 storm2,42,89–91. Once cytokine production is initiated, the short 
half-lives of most cytokines are meant to ensure the timely resolution 
of inflammation. However, in the case of cytokine storm, chronically 
elevated cytokine levels can disrupt immune homeostasis2 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 death in 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 
injury1,2 (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 
dysfunction92; cytokine-mediated lung injury, causing alveolar dis-
ruption and reduced gas exchange93; cytokine-mediated disruptions 
in bone marrow function and haematopoietic stem cell renewal94,95; 
cytokine-mediated immune cell recruitment to organs, where they 
can directly cause damage96; and the loss of critical cells due to the 
induction of cytokine-mediated cell death through PANoptosis1,2.

PANoptosis and inflammatory cell death. PANoptosis is a lytic innate 
immune cell death pathway initiated by innate immune sensors and 
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driven by caspases and receptor-interacting protein kinases (RIPKs). In 
response to pathogens, PAMPs, DAMPs and homeostatic disruptions, 
innate immune sensors can activate to form a PANoptosome complex 
that drives the execution of cell death (PANoptosis) and the release of 
cytokines and DAMPs97 (Fig. 4). Furthermore, cytokines themselves can 
activate innate immune sensors to drive PANoptosis2. Studies have iden-
tified several PANoptosome-forming innate immune sensors8,98, with the 
nucleic acid sensor ZBP1 being the first identified99,100 (Fig. 4). ZBP1 was  
initially characterized as the innate immune sensor of influenza A virus99 
that can drive NLRP3 inflammasome activation, IL-1β and IL-18 produc-
tion, and inflammatory cell death and PANoptosis. Additional research  
has shown that ZBP1 can also form a PANoptosome and drive cell death 
during SARS-CoV-2 infection101 as well as during tumour immunity102. 
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 PANoptosis102,103. Mutations in ADAR1 lead 
to abnormal type I interferon production, heightened interferon- 
stimulated gene (ISG) expression, accumulation of endogenous 
Z-nucleic acids, and chronic systemic inflammation and are associated 
with diseases such as Aicardi–Goutieres syndrome, SLE and bilateral 
striatal necrosis103. The pathology in these conditions may be attributed 
to the failure of ADAR1 to block ZBP1-mediated PANoptosis102.

Studies have identified several other PANoptosome sensors. 
NLRC5 and NLRP12 form a PANoptosome, with the NLRP3 inflamma-
some as an integral component, to drive cell death as well as DAMP and 
cytokine release in response to haem and PAMPs or TNF8,104,105 (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 
as a potent DAMP8,104,105. RIPK1 and AIM2 also assemble PANoptosomes 
to mediate inflammatory cell death in response to pathogens, with 
RIPK1 responding to Yersinia106 and AIM2 responding to Francisella and 
herpes simplex virus 1 (HSV1)107 (Fig. 4). NLRP3 has also been identified 
as a PANoptosome sensor108.

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 
plasma membrane rupture, often involving a network of executioners 
and NINJ1 (refs. 109,110); this process releases cytokines and DAMPs to 
perpetuate further inflammation (Figs. 1 and 4). Once cytokines have 
been released, whether because of lytic cell death or through other 
signalling pathways (for example, NF-κB, p38, JNK, AP-1 and inter-
feron signalling), the cytokines themselves can also drive paracrine 
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Fig. 4 | Innate immune 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 
cell death regulators, including caspases (CASP) 
and receptor-interacting protein kinases (RIPKs). 
Caspase 8 (CASP8) is a key regulatory molecule in this 
process. After complex formation and activation, 
PANoptosis, an inflammatory form of innate immune 
cell death, is triggered, leading to the activation of a 
network of pore-forming and membrane-damaging 
molecules. This membrane damage releases cytosolic 
contents and inflammatory mediators, which can 
further perpetuate PANoptosis and inflammation. 
Specific endogenous and pathogen-derived 
molecules serve as triggers for PANoptosome 
formation, including Z-nucleic acids (sensed by 
ZBP1), PAMPs and DAMPs (sensed by NLRP3, NLRP12 
and NLRC5), and pathogens such as HSV1 and 
Francisella (sensed by AIM2) or Yersinia (sensed by 
RIPK1). Additionally, the synergistic action of TNF 
and IFNγ activates the JAK–STAT1 signalling pathway, 
leading to upregulation of IRF1 and inducible nitric 
oxide synthase (iNOS) that triggers nitric oxide (NO) 
production to act as a key driver of PANoptosis. PMR, 
plasma membrane rupture.
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PANoptosis. Molecularly, TNF and IFNγ 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 PANoptosis2 (Fig. 4). TNF and 
IFNγ seem to be sufficient to drive cytokine storm, as intraperitoneal 
injection of these cytokines induces mortality in mice2,111 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 IFNγ feedforward loop that 
drives immunopathology in COVID-19 (ref. 112). Furthermore, neu-
tralization of TNF and IFNγ is effective in improving cytokine storm 
symptoms in preclinical models of COVID-19, septic shock and HLH2.

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 storm also varies depending on the underly-
ing aetiology, disease triggers and treatments administered to the 
patient113. Despite variability in the initial pathological processes,  

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, in some cases, diarrhoea, arthralgia, myalgia and neuropsychiatric 
symptoms (for example, confusion, agitation or mood changes)3 (Fig. 5). 
These symptoms may result from tissue damage and acute physiologi-
cal changes caused directly by cytokines or symptoms may be caused 
by immune cells sensing and responding to the cytokines. Additionally, 
acute liver injury 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 inflammation114. 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 to sustained 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 

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

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

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

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

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

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

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

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

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

cytokine storm. ALT, alanine transaminase; ARDS, acute respiratory distress 
syndrome; AST, aspartate transaminase; BNP, B-type natriuretic peptide;  
GI, gastrointestinal.
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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 nonspecific inflammatory markers are also generally elevated 
in cytokine storm. CRP, a liver-produced acute-phase reactant, is con-
sistently increased in the circulation, and its concentration correlates 
with disease severity115. 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 
concentrations116.

Evidence suggests that the changes in circulating cell numbers 
may be caused by a complex interplay between cytokine-induced pro-
duction and mobilization of immune 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 
migration3. The presence of thrombocytopenia is most likely a com-
bination of poor bone marrow production (owing to leukaemic 
infiltration), peripheral consumption in 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 thrombocytopenia is an 
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 cells117. Although no specific diagnostic threshold for ferritin in 
cytokine storm has been described, very high concentrations should 
trigger an assessment for cytokine storm118. 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 CAR T cell-induced cytokine storm, IL-6 and the T cell activa-
tion marker soluble IL-2 receptor-α (sIL-2Ra) chain, also termed sCD25, 
are increased, and molecules in the interferon pathway, including IFNγ 
and the interferon-inducible chemokines CXCL9 and CXCL10, are also 
elevated120. Increased IFNγ activity, mirrored by high circulating con-
centrations of CXCL9, has also been reported in patients with Still dis-
ease associated with MAS121. IL-18, a strong inducer of IFNγ, is also very 
high in the circulation of patients with MAS122. Excessive T cell activation 
in the cytokine storm associated with Kawasaki disease is accompanied 
by high concentrations of sIL-2R as well as the increased production of 
IL-17 (ref. 123). However, no standard cytokine profile is currently avail-
able that can be used to predict cytokine storm3; this lack of markers 
is a major 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 specificity25. The circulating concentrations of transami-
nases are often increased and can help the diagnosis as hepatitis occurs 
during some forms of cytokine storm124. 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 criteria is 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 a genetic disorder, 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, HHV8, human immunodeficiency virus, or 
SARS-CoV-2 is particularly important for addressing the aetiological 
cause of the syndrome125,126. Similarly, cytokine storm can be encoun-
tered in patients with autoimmune diseases (for example, SLE) or hae-
matological malignancies (for example, lymphoma and leukaemia)28,30. 
Therefore, a complete work-up for infection, along with laboratory 
assessments of kidney and liver function, should be performed in all 
suspected cases3.

The various challenges in screening and diagnosis make it difficult 
to provide early treatment, which is often critical for patient improve-
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 
a reduced risk of cytokine storm127–129. Other preventive measures can 
also be beneficial. In the case of cytokine storm induced by bacterial 
infections, CAR T 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 
injury130. Treatment with the tyrosine hydroxylase antagonist metyros-
ine can reduce catecholamine levels and cytokine responses, substan-
tially increasing survival in mice challenged with various inflammatory 
stimuli130. Similar protection against hyperinflammatory stimuli is 
observed with adrenergic receptor antagonists, which suggests poten-
tial for this drug class to prevent cytokine storm131. One retrospective 
clinical study showed that patients who are hospitalized and diagnosed 
with pneumonia or ARDS are significantly less likely to require mechani-
cal ventilation and have reduced mortality if they took adrenergic 
receptor antagonists during the year preceding hospitalization132.  
In the case of therapeutic intervention-induced cytokine storm, drug 
screening methods may help to predict patients more likely to develop 
cytokine storm in response 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 limitations in the clinic, and future advances in screening technol-
ogies will be needed to identify patients who are at risk for developing  
cytokine storm.

Management
The management of cytokine storm generally focuses on identifying 
the underlying disorder that caused the initial immune dysregulation, 
assessing the severity of the patient’s clinical condition, and deciding 
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the appropriate treatment based on the aetiology and severity (Table 1). 
Here, we focus primarily on the therapeutic approaches that target 
cytokine storm itself, rather than the underlying disease. Early interven-
tion is often considered critical to minimizing the tissue damage and 
potential organ failure that can result 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 MAS133.

Glucocorticoids
Glucocorticoids are potent anti-inflammatory drugs that inhibit 
multiple inflammatory pathways, including NF-κB 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-1Ra134. Owing to their potent anti-inflammatory effects, 
glucocorticoids represent a crucial component in the 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 drug135. Dexamethasone is an alternative glucocor-
ticoid preparation that can be used, and it has been recommended 
for cytokine storm associated with primary HLH136,137. 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 diseases138. 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 infections139,140. 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 storm is the elevated 
bioactivity of IL-1, and inhibitors of this pathway decrease hyperin-
flammation in auto-inflammatory syndromes as well as common 
inflammatory diseases141. 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  
anakinra to manage cytokine storm have been conducted in 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  
receptor63. In addition, extensive observational studies sup-
port the use of anakinra in cytokine storm associated with other  
diseases135. 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 hyperinflammation142. 
In addition, 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 criteria143. This conclusion is supported by the results 
of the small randomized PROVIDE trial of anakinra in sepsis-induced 
cytokine storm144, which is the basis of the larger phase IIb Immu-
nosep trial testing the use of anakinra in cytokine storm associ-
ated with sepsis145. Studies have also shown that anakinra alleviates 
hypercytokinaemia in sJIA and COVID-19 (refs. 146,147). In addition, 
the monoclonal anti-IL-1β antibody, canakinumab, can inhibit IL-1 
bioactivity. However, canakinumab has several disadvantages — it 

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-IFNγ Anti-JAK Refs.

Drugs Anakinra
Canakinumab
Rilonacept
MAS825

Tadekinig-α Tocilizumab
Siltuximab
Sarilumab

Adalimumab
Certolizumab
Etanercept
Golimumab
Infliximab

Emapalumab Baricitinib
Tofacitinib
Upadacitinib
Ruxolitinib

Mixed 
responses 
or ongoing 
clinical trials

Sepsis
COVID-19
CAR T cell therapy
Giant cell arteritis
Gout
Psoriasis
sJIA
MAS

sJIA
Adult Still disease
NLRC4–MAS

GvHD
Sepsis

Sepsis
COVID-19

COVID-19
Crohn’s disease

SLE
HLH
Crohn’s disease
Psoriasis

43,64,163, 
164,181–203

FDA-approved 
drugs (any 
indication) 
with efficacy 
in the given 
setting

sJIA
Adult Still disease
Rheumatoid arthritis
CAPS
FMF

None sJIA
Castleman disease
CAR T cell therapy
Rheumatoid arthritis
Giant cell arteritis
COVID-19

Rheumatoid arthritis
Crohn’s disease
Ulcerative colitis
Psoriasis
Refractory asthma

Adult Still disease COVID-19
sJIA
GvHD
Rheumatoid arthritis
Ulcerative colitis

26,160,165, 
173,204–227

CAPS, cryopyrin-associated periodic syndromes; CAR, chimeric antigen receptor; GvHD, graft-versus-host disease; FMF, familial Mediterranean fever; HLH, haemophagocytic lymphohistiocytosis;  
MAS, macrophage activation syndrome; sJIA, systemic juvenile idiopathic arthritis; SLE, systemic lupus erythematosus.
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inhibits only IL-1β and not IL-1α, its long half-life may be deleteri-
ous in serious 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 effects148.

The role of IL-6 blockade in cytokine storm treatment is less 
well studied, with the exception of CAR T cell therapy-induced 
cytokine storm and in 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–brain barrier149. Additional strategies to mitigate the risk of 
cytokine storm by modifying the CAR T cells to include transgenic 
cytokine release cassettes are also being investigated150. 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 RECOVERY151 and REMAP-CAP152 
trials showing benefit in patients with hypoxia and in the intensive 
care unit153–155. 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 COVACTA156 and 
Kevzara157, failing to improve clinical status or reduce patient 
mortality158. The EMPACTA159 trial reduced the number of patients 
requiring mechanical ventilation by day 28 but did not improve 
survival160. 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 sJIA26,161,162. 
Emerging evidence suggests that anti-IL-6R antibodies may also 
have beneficial effects in patients with septic shock and cytokine 
storm163,164, 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 IFNγ. The anti-IFNγ neutralizing antibody emapalumab 
is effective for primary HLH or cytokine storm that is refractory 
to conventional therapy165. Similarly, emapalumab has beneficial 
effects in patients with cytokine storm associated with Still disease 
that did not respond to high-dose glucocorticoids166,167. As IFNγ is 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 
benefits in settings such as sepsis-associated hyperinflammation, MAS 
and severe COVID-19 (refs. 168–170), other studies show that anti-TNF 
therapy impairs host defence and increases susceptibility to secondary 
infections171. 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 
storm induce cellular activation cascades that involve JAK, for example, 
type II interferon (IFNγ) signals through JAK1 and JAK2, IL-2 through JAK1 
and JAK3, IL-12 through JAK2, and IL-15 through JAK1 and JAK3. Addition-
ally, TNF and IFNγ require JAK–STAT signalling to induce PANoptosis 

and drive the positive feedback loop between cell death and cytokine 
storm2. 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 treatment135. In this 
respect, the JAK1–JAK2 inhibitor ruxolitinib improves outcomes in 
children with HLH172. Additionally, the JAK inhibitor baricitinib showed 
efficacy in COVID-19 (ref. 173).

Etoposide
Etoposide is a chemotherapeutic agent that causes DNA double-strand 
breaks by inhibiting topoisomerase II function. Etoposide has been 
used with good results in cytokine storm, especially in primary HLH174. 
In experimental models of hyperinflammation, etoposide selectively 
depletes activated T cells, providing a possible explanation for its 
effects in cytokine storm175. 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 
on survival is less clear despite its beneficial biochemical response in 
cytokine storm176. In cytokine storm associated with rheumatic diseases, 
etoposide is typically reserved for second-line or third-line therapy174.

Overall, treatments for cytokine storm are complex, and these 
generally target the different components of the pathophysiological 
process that lead 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
The long-term effect of cytokine storm on the quality of life of patients 
is currently an under-examined area in 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 
syndrome177. 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 HLH178. 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 diagnosis178. This result implies that the 
impacts of cytokine storm on quality of life may not be permanent. 
Nevertheless, a better 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 for improved therapeu-
tic strategies in the future. Current research focused on developing 
new targeted therapies is 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, can be considered to increase treatment 
success. In the preclinical setting, combined treatment with anti-TNF 
and anti-IFNγ antibodies improves survival in murine models of HLH, 
COVID-19 and sepsis, consistent with the synergy between TNF and IFNγ 
driving PANoptosis to perpetuate the positive feedback loop between 
inflammatory cell death and cytokine storm in these settings2. Further-
more, combination treatment with tocilizumab and anakinra, to block 
IL-6R and IL-1 together, may be beneficial in CAR T cell therapy-induced 
cytokine storm, as tocilizumab cannot cross the blood–brain barrier149 
but anakinra can prevent cytokine-related lethal neurotoxicity179.

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 windows in 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 elsewhere180). The combined administration of TNF 
and IFNγ in mice can recapitulate many of the clinical symptoms of 
cytokine storm2 but additional models are needed to incorporate the 
upstream functions of cells that naturally produce these cytokines in 
patients. As these models are developed and optimized, the therapeutic 
development pipeline will be accelerated, and treatment strategies 
are likely to improve.

Another active area of work in the field is improving diagnostic and 
screening approaches. The current diagnostic workflow of cytokine 
storm and its underlying aetiology can often involve a complex series 
of tests, which is time-consuming and can lead to confusing diagnostic 
criteria. Given the rapid production of cytokines in these patients, even 
a brief delay in diagnosis can result in a substantial amplification of 
disease and a worsening 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 
design individualized 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 
inform rapid diagnostics, which should translate to improved 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.

Published online: xx xx xxxx

References
1.	 Karki, R. & Kanneganti, T. D. The ‘cytokine storm’: molecular mechanisms and therapeutic 

prospects. Trends Immunol. 42, 681–705 (2021).
2.	 Karki, R. et al. Synergism of TNF-α and IFN-γ triggers inflammatory cell death, tissue 

damage, and mortality in SARS-CoV-2 infection and cytokine shock syndromes. Cell 184, 
149–168.e17 (2021).  
This article molecularly defined the mechanistic basis of cytokine storm and the 
positive feedback loop between inflammatory cell death (PANoptosis) and the 
cytokine storm.

3.	 Fajgenbaum, D. C. & June, C. H. Cytokine storm. N. Engl. J. Med. 383, 2255–2273 (2020).  
This review highlighted the key clinical and pathophysiological features of cytokine 
storm.

4.	 Ferrara, J. L., Abhyankar, S. & Gilliland, D. G. Cytokine storm of graft-versus-host disease: 
a critical effector role for interleukin-1. Transplant. Proc. 25, 1216–1217 (1993).

5.	 Stephan, J. L. et al. Macrophage activation syndrome and rheumatic disease in 
childhood: a report of four new cases. Clin. Exp. Rheumatol. 11, 451–456 (1993).

6.	 Ammann, S. et al. Primary and secondary hemophagocytic lymphohistiocytosis have 
different patterns of T-cell activation, differentiation and repertoire. Eur. J. Immunol. 47, 
364–373 (2017).

7.	 Zhang, X., Zhu, L., Zhang, H., Chen, S. & Xiao, Y. CAR-T cell therapy in hematological 
malignancies: current opportunities and challenges. Front. Immunol. 13, 927153 (2022).

8.	 Sundaram, B., Tweedell, R. E., Prasanth Kumar, S. & Kanneganti, T. D. The NLR family of 
innate immune and cell death sensors. Immunity 57, 674–699 (2024).

9.	 Meyer, L. K., Keenan, C. & Nichols, K. E. Clinical characteristics and treatment of familial 
hemophagocytic lymphohistiocytosis. Hematol. Oncol. Clin. North Am. 39, 553–575 
(2025).

10.	 Niece, J. A., Rogers, Z. R., Ahmad, N., Langevin, A. M. & McClain, K. L. Hemophagocytic 
lymphohistiocytosis in Texas: observations on ethnicity and race. Pediatr. Blood Cancer 
54, 424–428 (2010).

11.	 Henter, J. I., Elinder, G., Söder, O. & Ost, A. Incidence in Sweden and clinical features of 
familial hemophagocytic lymphohistiocytosis. Acta Paediatr. Scand. 80, 428–435 (1991).

12.	 Cuisset, L. et al. Mutations in the autoinflammatory cryopyrin-associated periodic 
syndrome gene: epidemiological study and lessons from eight years of genetic analysis 
in France. Ann. Rheum. Dis. 70, 495–499 (2011).

13.	 Sarkisian, T., Ajrapetian, H., Beglarian, A., Shahsuvarian, G. & Egiazarian, A. Familial 
Mediterranean fever in Armenian population. Georgian Med. News 156, 105–111 (2008).

14.	 Ozen, S. et al. Prevalence of juvenile chronic arthritis and familial Mediterranean fever 
in Turkey: a field study. J. Rheumatol. 25, 2445–2449 (1998).

15.	 Toplak, N. et al. Periodic fever syndromes in Eastern and central European countries: 
results of a pediatric multinational survey. Pediatr. Rheumatol. Online J. 8, 29 (2010).

16.	 Cleves, D. et al. Pediatric hemophagocytic lymphohistiocytosis: a rarely diagnosed entity 
in a developing country. BMC Pediatr. 21, 411 (2021).

17.	 West, J. et al. Temporal trends in the incidence of hemophagocytic lymphohistiocytosis: 
a nationwide cohort study from England 2003-2018. Hemasphere 6, e797 (2022).

18.	 Cron, R. Q. & Behrens, E. M. Introduction. Adv. Exp. Med. Biol. 1448, 3–7 (2024).
19.	 Hracs, L. et al. Global evolution of inflammatory bowel disease across epidemiologic 

stages. Nature https://doi.org/10.1038/s41586-025-08940-0 (2025).
20.	 Canna, S. W. & Marsh, R. A. Pediatric hemophagocytic lymphohistiocytosis. Blood 135, 

1332–1343 (2020).
21.	 Gupta, A., Sontakke, T., Kumar, S., Acharya, S. & Pradeep, U. Navigating the complexity: 

a comprehensive review of hemophagocytic lymphohistiocytosis associated with 
dengue infection. Cureus 16, e61128 (2024).

22.	 Cohen, J. I. Optimal treatment for chronic active Epstein-Barr virus disease. Pediatr. Transpl. 
13, 393–396 (2009).

23.	 Oppenauer, J. et al. Secondary hemophagocytic lymphohistiocytosis in severe COVID-19 —  
a retrospective cohort study. Sci. Rep. 15, 6137 (2025).

24.	 Rudd, K. E. et al. Global, regional, and national sepsis incidence and mortality, 1990-2017: 
analysis for the global burden of disease study. Lancet 395, 200–211 (2020).  
This review provides a comprehensive overview of sepsis epidemiology over a nearly 
30-year period, highlighting key trends in the incidence, which has strong links to 
cytokine storm.

25.	 Behrens, E. M., Beukelman, T., Paessler, M. & Cron, R. Q. Occult macrophage activation 
syndrome in patients with systemic juvenile idiopathic arthritis. J. Rheumatol. 34, 
1133–1138 (2007).

26.	 Grom, A. A. et al. Rate and clinical presentation of macrophage activation syndrome 
in patients with systemic juvenile idiopathic arthritis treated with canakinumab. 
Arthritis Rheumatol. 68, 218–228 (2016).

27.	 Henderson, L. A. & Cron, R. Q. Macrophage activation syndrome and secondary 
hemophagocytic lymphohistiocytosis in childhood inflammatory disorders: diagnosis 
and management. Paediatr. Drugs 22, 29–44 (2020).

28.	 Borgia, R. E., Gerstein, M., Levy, D. M., Silverman, E. D. & Hiraki, L. T. Features, treatment, 
and outcomes of macrophage activation syndrome in childhood-onset systemic lupus 
erythematosus. Arthritis Rheumatol. 70, 616–624 (2018).

29.	 Löfstedt, A., Jädersten, M., Meeths, M. & Henter, J. I. Malignancy-associated hemophagocytic 
lymphohistiocytosis in Sweden: incidence, clinical characteristics, and survival. Blood 
143, 233–242 (2024).

30.	 Zoref-Lorenz, A., Witzig, T. E., Cerhan, J. R. & Jordan, M. B. Malignancy-associated HLH: 
mechanisms, diagnosis, and treatment of a severe hyperinflammatory syndrome. 
Leuk. Lymphoma 66, 628–636 (2025).

http://www.nature.com/nrdp
https://doi.org/10.1038/s41586-025-08940-0


Nature Reviews Disease Primers |             (2026) 12:1 14

0123456789();: 

Primer

31.	 Teachey, D. T. et al. Cytokine release syndrome after blinatumomab treatment related to 
abnormal macrophage activation and ameliorated with cytokine-directed therapy. Blood 
121, 5154–5157 (2013).

32.	 Morris, E. C., Neelapu, S. S., Giavridis, T. & Sadelain, M. Cytokine release syndrome  
and associated neurotoxicity in cancer immunotherapy. Nat. Rev. Immunol. 22,  
85–96 (2022).

33.	 Neelapu, S. S. et al. Chimeric antigen receptor T-cell therapy — assessment and 
management of toxicities. Nat. Rev. Clin. Oncol. 15, 47–62 (2018).

34.	 Reagan, P. M. & Neelapu, S. S. How I manage: pathophysiology and management of 
toxicity of chimeric antigen receptor T-cell therapies. J. Clin. Oncol. 39, 456–466 (2021).

35.	 Maude, S. L. et al. Tisagenlecleucel in children and young adults with B-cell 
lymphoblastic leukemia. N. Engl. J. Med. 378, 439–448 (2018).

36.	 Neelapu, S. S. et al. Axicabtagene ciloleucel CAR T-cell therapy in refractory large B-cell 
lymphoma. N. Engl. J. Med. 377, 2531–2544 (2017).

37.	 Locke, F. L. et al. Axicabtagene ciloleucel as second-line therapy for large B-cell 
lymphoma. N. Engl. J. Med. 386, 640–654 (2022).

38.	 Myers, R. M. et al. Humanized CD19-targeted chimeric antigen receptor (CAR) T cells in 
CAR-naive and CAR-exposed children and young adults with relapsed or refractory acute 
lymphoblastic leukemia. J. Clin. Oncol. 39, 3044–3055 (2021).

39.	 Kadauke, S. et al. Risk-adapted preemptive tocilizumab to prevent severe cytokine 
release syndrome after CTL019 for pediatric B-cell acute lymphoblastic leukemia: 
a prospective clinical trial. J. Clin. Oncol. 39, 920–930 (2021).

40.	 Gardner, R. A. et al. Preemptive mitigation of CD19 CAR T-cell cytokine release syndrome 
without attenuation of antileukemic efficacy. Blood 134, 2149–2158 (2019).

41.	 Fusaroli, M. et al. Post-marketing surveillance of CAR-T-cell therapies: analysis of the  
FDA adverse event reporting system (FAERS) database. Drug Saf. 45, 891–908 (2022).

42.	 Schulert, G. S. & Cron, R. Q. The genetics of macrophage activation syndrome. 
Genes Immun. 21, 169–181 (2020).

43.	 Yasin, S. et al. IL-18 as therapeutic target in a patient with resistant systemic juvenile 
idiopathic arthritis and recurrent macrophage activation syndrome. Rheumatology 59, 
442–445 (2020).

44.	 Shimizu, M., Nakagishi, Y. & Yachie, A. Distinct subsets of patients with systemic juvenile 
idiopathic arthritis based on their cytokine profiles. Cytokine 61, 345–348 (2013).

45.	 van der Poll, T., van de Veerdonk, F. L., Scicluna, B. P. & Netea, M. G. The immunopathology  
of sepsis and potential therapeutic targets. Nat. Rev. Immunol. 17, 407–420 (2017).

46.	 Merle, N. S., Noe, R., Halbwachs-Mecarelli, L., Fremeaux-Bacchi, V. & Roumenina, L. T. 
Complement system part II: role in immunity. Front. Immunol. 6, 257 (2015).

47.	 Wu, Q. et al. PANoptosis in sepsis: a central role and emerging therapeutic target. 
J. Inflamm. Res. 18, 6245–6261 (2025).

48.	 Karki, R. & Kanneganti, T. D. Innate immunity, cytokine storm, and inflammatory cell death 
in COVID-19. J. Transl. Med. 20, 542 (2022).

49.	 Warren, B. L. et al. Caring for the critically ill patient. High-dose antithrombin III in severe 
sepsis: a randomized controlled trial. JAMA 286, 1869–1878 (2001).

50.	 Boomer, J. S. et al. Immunosuppression in patients who die of sepsis and multiple organ 
failure. JAMA 306, 2594–2605 (2011).

51.	 Rauch, P. J. et al. Innate response activator B cells protect against microbial sepsis. 
Science 335, 597–601 (2012).

52.	 Shao, R. et al. Monocyte programmed death ligand-1 expression after 3-4 days of sepsis 
is associated with risk stratification and mortality in septic patients: a prospective cohort 
study. Crit. Care 20, 124 (2016).

53.	 Dinarello, C. A. Proinflammatory cytokines. Chest 118, 503–508 (2000).
54.	 Duitman, E. H., Orinska, Z. & Bulfone-Paus, S. Mechanisms of cytokine secretion: 

a portfolio of distinct pathways allows flexibility in cytokine activity. Eur. J. Cell Biol. 90, 
476–483 (2011).

55.	 Chen, W., Gullett, J. M., Tweedell, R. E. & Kanneganti, T. D. Innate immune inflammatory  
cell death: PANoptosis and PANoptosomes in host defense and disease. Eur. J. Immunol. 
53, e2250235 (2023).

56.	 Karki, R. & Kanneganti, T. D. Diverging inflammasome signals in tumorigenesis and 
potential targeting. Nat. Rev. Cancer 19, 197–214 (2019).

57.	 Barnett, K. C., Li, S., Liang, K. & Ting, J. P. A 360 degrees view of the inflammasome: 
Mechanisms of activation, cell death, and diseases. Cell 186, 2288–2312 (2023).

58.	 Gleeson, T. A. et al. Looking into the IL-1 of the storm: are inflammasomes the link 
between immunothrombosis and hyperinflammation in cytokine storm syndromes? 
Discov. Immunol. 1, kyac005 (2022).  
This article covers key connections between IL-1 family cytokines and the 
immunopathology of cytokine storm.

59.	 Yasin, S. et al. IL-18 as a biomarker linking systemic juvenile idiopathic arthritis and 
macrophage activation syndrome. Rheumatology 59, 361–366 (2020).

60.	 Pfeifer, J. et al. Autoantibodies against interleukin-1 receptor antagonist in multisystem 
inflammatory syndrome in children: a multicentre retrospective cohort study. 
Lancet Rheumatol. 4, e329–e337 (2022).

61.	 Della Paolera, S. et al. Case report: use of anakinra in multisystem inflammatory 
syndrome during COVID-19 pandemic. Front. Pediatr. 8, 624248 (2021).

62.	 Caricchio, R. et al. Effect of canakinumab vs placebo on survival without invasive 
mechanical ventilation in patients hospitalized with severe COVID-19: a randomized 
clinical trial. JAMA 326, 230–239 (2021).

63.	 Kyriazopoulou, E. et al. Early treatment of COVID-19 with anakinra guided by soluble 
urokinase plasminogen receptor plasma levels: a double-blind, randomized controlled 
phase 3 trial. Nat. Med. 27, 1752–1760 (2021).

64.	 Jackson, L. E. et al. Prediction of survival by IL-6 in a randomized placebo-controlled trial 
of anakinra in COVID-19 Cytokine storm. Viruses 15, 2036 (2023).

65.	 Zoller, E. E. et al. Hemophagocytosis causes a consumptive anemia of inflammation. 
J. Exp. Med. 208, 1203–1214 (2011).

66.	 Ghasemzadeh, M., Ghasemzadeh, A. & Hosseini, E. Exhausted NK cells and 
cytokine storms in COVID-19: whether NK cell therapy could be a therapeutic choice. 
Hum. Immunol. 83, 86–98 (2022).

67.	 Laurent, P. et al. Sensing of SARS-CoV-2 by pDCs and their subsequent production of 
IFN-I contribute to macrophage-induced cytokine storm during COVID-19. Sci. Immunol. 
7, eadd4906 (2022).

68.	 Xu, J. et al. Extracellular histones are major mediators of death in sepsis. Nat. Med. 15, 
1318–1321 (2009).

69.	 Clark, S. R. et al. Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria 
in septic blood. Nat. Med. 13, 463–469 (2007).

70.	 Radermecker, C. et al. Neutrophil extracellular traps infiltrate the lung airway, interstitial, 
and vascular compartments in severe COVID-19. J. Exp. Med. 217, e20201012 (2020).

71.	 Zuo, Y. et al. Neutrophil extracellular traps in COVID-19. JCI Insight 5, e138999 (2020).
72.	 Garcia-Romo, G. S. et al. Netting neutrophils are major inducers of type I IFN production 

in pediatric systemic lupus erythematosus. Sci. Transl. Med. 3, 73ra20 (2011).
73.	 Wigerblad, G. & Kaplan, M. J. Neutrophil extracellular traps in systemic autoimmune and 

autoinflammatory diseases. Nat. Rev. Immunol. 23, 274–288 (2023).
74.	 Wildhagen, K. C. et al. Nonanticoagulant heparin prevents histone-mediated cytotoxicity 

in vitro and improves survival in sepsis. Blood 123, 1098–1101 (2014).
75.	 Silvestre-Roig, C. et al. Externalized histone H4 orchestrates chronic inflammation by 

inducing lytic cell death. Nature 569, 236–240 (2019).
76.	 Osugi, Y. et al. Cytokine production regulating Th1 and Th2 cytokines in hemophagocytic 

lymphohistiocytosis. Blood 89, 4100–4103 (1997).
77.	 Xu, Z. et al. Pathological findings of COVID-19 associated with acute respiratory distress 

syndrome. Lancet Respir. Med. 8, 420–422 (2020).
78.	 Viallard, J. F. et al. Th1 (IL-2, interferon-gamma (IFN-γ)) and Th2 (IL-10, IL-4) cytokine 

production by peripheral blood mononuclear cells (PBMC) from patients with systemic 
lupus erythematosus (SLE). Clin. Exp. Immunol. 115, 189–195 (1999).

79.	 Raphael, I., Nalawade, S., Eagar, T. N. & Forsthuber, T. G. T cell subsets and their signature 
cytokines in autoimmune and inflammatory diseases. Cytokine 74, 5–17 (2015).

80.	 Schmidt, M. E. & Varga, S. M. The CD8 T cell response to respiratory virus infections. 
Front. Immunol. 9, 678 (2018).

81.	 Galvan-Pena, S. et al. Profound Treg perturbations correlate with COVID-19 severity. 
Proc. Natl Acad. Sci. USA 118, e2111315118 (2021).

82.	 Bednar, K. J., Lee, J. H. & Ort, T. Tregs in autoimmunity: insights into intrinsic brake mechanism  
driving pathogenesis and immune homeostasis. Front. Immunol. 13, 932485 (2022).

83.	 Banchereau, J. & Pascual, V. Type I interferon in systemic lupus erythematosus and other 
autoimmune diseases. Immunity 25, 383–392 (2006).

84.	 Thomas, S. et al. Antibody-dependent enhancement (ADE) and the role of complement 
system in disease pathogenesis. Mol. Immunol. 152, 172–182 (2022).

85.	 Arkatkar, T. et al. B cell-derived IL-6 initiates spontaneous germinal center formation 
during systemic autoimmunity. J. Exp. Med. 214, 3207–3217 (2017).

86.	 Staskus, K. A. et al. Cellular tropism and viral interleukin-6 expression distinguish 
human herpesvirus 8 involvement in Kaposi’s sarcoma, primary effusion lymphoma, 
and multicentric Castleman’s disease. J. Virol. 73, 4181–4187 (1999).

87.	 Bower, M. et al. Brief communication: rituximab in HIV-associated multicentric 
Castleman disease. Ann. Intern. Med. 147, 836–839 (2007).

88.	 Xiao, X. et al. Mechanisms of cytokine release syndrome and neurotoxicity of CAR T-cell 
therapy and associated prevention and management strategies. J. Exp. Clin. Cancer Res. 
40, 367 (2021).

89.	 Gleeson, T. A. et al. The NLRP3 inflammasome is essential for IL-18 production in a murine 
model of macrophage activation syndrome. Dis. Model. Mech. 17, dmm050762 (2024).

90.	 Moltrasio, C., Romagnuolo, M. & Marzano, A. V. NLRP3 inflammasome and NLRP3-
related autoinflammatory diseases: from cryopyrin function to targeted therapies. 
Front. Immunol. 13, 1007705 (2022).

91.	 Davenport, E. E. et al. Genomic landscape of the individual host response and outcomes 
in sepsis: a prospective cohort study. Lancet Respir. Med. 4, 259–271 (2016).

92.	 Kang, S. & Kishimoto, T. Interplay between interleukin-6 signaling and the vascular 
endothelium in cytokine storms. Exp. Mol. Med. 53, 1116–1123 (2021).

93.	 Manosalva, C. et al. Role of lactate in inflammatory processes: friend or foe. 
Front. Immunol. 12, 808799 (2021).

94.	 Najafi, S., Ghanavat, M., Shahrabi, S., Gatavizadeh, Z. & Saki, N. The effect of inflammatory  
factors and their inhibitors on the hematopoietic stem cells fate. Cell Biol. Int. 45, 
900–912 (2021).

95.	 Yang, L. et al. IFN-γ negatively modulates self-renewal of repopulating human 
hemopoietic stem cells. J. Immunol. 174, 752–757 (2005).

96.	 Nie, J. et al. Deep insight into cytokine storm: from pathogenesis to treatment. 
Signal. Transduct. Target. Ther. 10, 112 (2025).

97.	 Christgen, S. et al. Identification of the PANoptosome: a molecular platform triggering 
pyroptosis, apoptosis, and necroptosis (PANoptosis). Front. Cell. Infect. Microbiol. 10, 
237 (2020).

98.	 Man, S. M. & Kanneganti, T. D. Innate immune sensing of cell death in disease and 
therapeutics. Nat. Cell Biol. 26, 1420–1433 (2024).

99.	 Kuriakose, T. et al. ZBP1/DAI is an innate sensor of influenza virus triggering the NLRP3 
inflammasome and programmed cell death pathways. Sci. Immunol. 1, aag2045 (2016).

http://www.nature.com/nrdp


Nature Reviews Disease Primers |             (2026) 12:1 15

0123456789();: 

Primer

100.	 Karki, R. & Kanneganti, T. D. PANoptosome signaling and therapeutic implications 
in infection: central role for ZBP1 to activate the inflammasome and PANoptosis. 
Curr. Opin. Immunol. 83, 102348 (2023).

101.	 Karki, R. et al. ZBP1-dependent inflammatory cell death, PANoptosis, and cytokine storm 
disrupt IFN therapeutic efficacy during coronavirus infection. Sci. Immunol. 7, eabo6294 
(2022).  
This study identified a critical link between inflammatory cell death (PANoptosis) 
and cytokine storm in COVID-19.

102.	 Karki, R. et al. ADAR1 restricts ZBP1-mediated immune response and PANoptosis to 
promote tumorigenesis. Cell Rep. 37, 109858 (2021).

103.	 Hubbard, N. W. et al. ADAR1 mutation causes ZBP1-dependent immunopathology. Nature 
607, 769–775 (2022).

104.	 Sundaram, B. et al. NLRP12-PANoptosome activates PANoptosis and pathology in 
response to heme and PAMPs. Cell 186, 2783–2801.e20 (2023).

105.	 Sundaram, B. et al. NLRC5 senses NAD+ depletion, forming a PANoptosome and driving 
PANoptosis and inflammation. Cell https://doi.org/10.1016/j.cell.2024.05.034 (2024).

106.	 Malireddi, R. K. S. et al. RIPK1 distinctly regulates Yersinia-induced inflammatory cell 
death, PANoptosis. Immunohorizons 4, 789–796 (2020).

107.	 Lee, S. et al. AIM2 forms a complex with pyrin and ZBP1 to drive PANoptosis and host 
defence. Nature 597, 415–419 (2021).

108.	 Sharma, B. R., Choudhury, S. M., Abdelaal, H. M., Wang, Y. & Kanneganti, T.-D. Innate 
immune sensor NLRP3 drives PANoptosome formation and PANoptosis. J. Immunol. 
https://doi.org/10.1093/jimmun/vkaf042 (2025).

109.	 Han, J. H. et al. NINJ1 mediates inflammatory cell death, PANoptosis, and lethality during 
infection conditions and heat stress. Nat. Commun. 15, 1739 (2024).

110.	 Kayagaki, N. et al. NINJ1 mediates plasma membrane rupture during lytic cell death. 
Nature 591, 131–136 (2021).

111.	 Doherty, G. M. et al. Evidence for IFN-gamma as a mediator of the lethality of endotoxin 
and tumor necrosis factor-alpha. J. Immunol. 149, 1666–1670 (1992).

112.	 Munnur, D. et al. Altered ISGylation drives aberrant macrophage-dependent immune 
responses during SARS-CoV-2 infection. Nat. Immunol. 22, 1416–1427 (2021).

113.	 Lee, D. W. et al. ASTCT consensus grading for cytokine release syndrome and neurologic 
toxicity associated with immune effector cells. Biol. Blood Marrow Transplant. 25, 
625–638 (2019).

114.	 Ramos-Casals, M., Brito-Zerón, P., López-Guillermo, A., Khamashta, M. A. & Bosch, X. 
Adult haemophagocytic syndrome. Lancet 383, 1503–1516 (2014).

115.	 Lee, D. W. et al. Current concepts in the diagnosis and management of cytokine release 
syndrome. Blood 124, 188–195 (2014).

116.	 Nigrovic, P. A. Macrophage activation syndrome. Arthritis Rheumatol. https://doi.org/ 
10.1002/art.43052 (2024).  
This review covered the key clinical and mechanistic features of macrophage 
activation syndrome, which is a form of cytokine storm.

117.	 Ruscitti, P. et al. H-ferritin and proinflammatory cytokines are increased in the bone 
marrow of patients affected by macrophage activation syndrome. Clin. Exp. Immunol. 
191, 220–228 (2018).

118.	 Carol, H. A. et al. Hyperferritinemia screening to aid identification and differentiation 
of patients with hyperinflammatory disorders. J. Clin. Immunol. 45, 4 (2024).

119.	 Minoia, F. et al. Development and initial validation of the MS score for diagnosis of 
macrophage activation syndrome in systemic juvenile idiopathic arthritis. Ann. Rheum. Dis. 
78, 1357–1362 (2019).

120.	 Grupp, S. A. et al. Chimeric antigen receptor-modified T cells for acute lymphoid 
leukemia. N. Engl. J. Med. 368, 1509–1518 (2013).

121.	 Bracaglia, C. et al. Elevated circulating levels of interferon-γ and interferon-γ-induced 
chemokines characterise patients with macrophage activation syndrome complicating 
systemic juvenile idiopathic arthritis. Ann. Rheum. Dis. 76, 166–172 (2017).

122.	 Shimizu, M. et al. Interleukin-18 for predicting the development of macrophage activation  
syndrome in systemic juvenile idiopathic arthritis. Clin. Immunol. 160, 277–281 (2015).

123.	 Brodeur, K. E. et al. Elevation of IL-17 cytokines distinguishes Kawasaki disease from other 
pediatric inflammatory disorders. Arthritis Rheumatol. 76, 285–292 (2024).

124.	 Minoia, F. et al. Clinical features, treatment, and outcome of macrophage activation 
syndrome complicating systemic juvenile idiopathic arthritis: a multinational, 
multicenter study of 362 patients. Arthritis Rheumatol. 66, 3160–3169 (2014).

125.	 Jordan, M. B. et al. Challenges in the diagnosis of hemophagocytic lymphohistiocytosis: 
recommendations from the North American Consortium for Histiocytosis (NACHO). 
Pediatr. Blood Cancer 66, e27929 (2019).

126.	 Canna, S. W. & Cron, R. Q. Highways to hell: mechanism-based management of cytokine 
storm syndromes. J. Allergy Clin. Immunol. 146, 949–959 (2020).

127.	 Adelman, M. W. et al. The gut microbiome’s role in the development, maintenance, and 
outcomes of sepsis. Crit. Care 24, 278 (2020).

128.	 MacCann, R. et al. Associations between host microbiome and inflammation suggest role for  
host microbiome in driving COVID-19 disease severity. Microbes Infect. 26, 105247 (2024).

129.	 Haak, B. W. & Wiersinga, W. J. The role of the gut microbiota in sepsis. Lancet 
Gastroenterol. Hepatol. 2, 135–143 (2017).

130.	 Staedtke, V. et al. Disruption of a self-amplifying catecholamine loop reduces cytokine 
release syndrome. Nature 564, 273–277 (2018).

131.	 Konig, M. F. et al. Preventing cytokine storm syndrome in COVID-19 using α-1 adrenergic 
receptor antagonists. J. Clin. Invest. 130, 3345–3347 (2020).

132.	 Koenecke, A. et al. Alpha-1 adrenergic receptor antagonists to prevent hyperinflammation  
and death from lower respiratory tract infection. eLife 10, e61700 (2021).

133.	 Shakoory, B. et al. The 2022 EULAR/ACR points to consider at the early stages of diagnosis  
and management of suspected haemophagocytic lymphohistiocytosis/macrophage 
activation syndrome (HLH/MAS). Ann. Rheum. Dis. 82, 1271–1285 (2023).

134.	 Barnes, P. J. Anti-inflammatory actions of glucocorticoids: molecular mechanisms. 
Clin. Sci. 94, 557–572 (1998).

135.	 Halyabar, O. et al. Calm in the midst of cytokine storm: a collaborative approach to the 
diagnosis and treatment of hemophagocytic lymphohistiocytosis and macrophage 
activation syndrome. Pediatr. Rheumatol. Online J. 17, 7 (2019).

136.	 Ehl, S. et al. Recommendations for the use of etoposide-based therapy and bone marrow 
transplantation for the treatment of HLH: consensus statements by the HLH steering 
committee of the histiocyte society. J. Allergy Clin. Immunol. Pract. 6, 1508–1517  
(2018).

137.	 La Rosée, P. et al. Recommendations for the management of hemophagocytic 
lymphohistiocytosis in adults. Blood 133, 2465–2477 (2019).

138.	 Schulert, G. S. & Grom, A. A. Pathogenesis of macrophage activation syndrome and 
potential for cytokine-directed therapies. Annu. Rev. Med. 66, 145–159 (2015).

139.	 Davila, M. L. et al. Efficacy and toxicity management of 19-28z CAR T cell therapy in B cell 
acute lymphoblastic leukemia. Sci. Transl. Med. 6, 224ra225 (2014).

140.	 Sprung, C. L. et al. Hydrocortisone therapy for patients with septic shock. N. Engl. J. Med. 
358, 111–124 (2008).

141.	 Cavalli, G. & Dinarello, C. A. Treating rheumatological diseases and co-morbidities with 
interleukin-1 blocking therapies. Rheumatology 54, 2134–2144 (2015).

142.	 Mehta, P., Cron, R. Q., Hartwell, J., Manson, J. J. & Tattersall, R. S. Silencing the cytokine 
storm: the use of intravenous anakinra in haemophagocytic lymphohistiocytosis or 
macrophage activation syndrome. Lancet Rheumatol. 2, e358–e367 (2020).  
This clinical review assessed the role of IL-1R antagonist treatment with anakinra in 
patients with different forms of cytokine storm, providing critical evidence to support 
the use of this therapy.

143.	 Shakoory, B. et al. Interleukin-1 receptor blockade is associated with reduced mortality 
in sepsis patients with features of macrophage activation syndrome: reanalysis of a prior 
phase III trial. Crit. Care Med. 44, 275–281 (2016).

144.	 Leventogiannis, K. et al. Toward personalized immunotherapy in sepsis: the PROVIDE 
randomized clinical trial. Cell Rep. Med. 3, 100817 (2022).

145.	 Kotsaki, A. et al. ImmunoSep (Personalised Immunotherapy in Sepsis) international 
double-blind, double-dummy, placebo-controlled randomised clinical trial: 
study protocol. BMJ Open 12, e067251 (2022).

146.	 Mehta, P. et al. COVID-19: consider cytokine storm syndromes and immunosuppression. 
Lancet 395, 1033–1034 (2020).  
This clinical correspondence piece from early on in the COVID-19 pandemic highlighted  
the potential life-saving effects of treating patients with COVID-19 for cytokine storm.

147.	 Onel, K. B. et al. 2021 American College of Rheumatology guideline for the 
treatment of juvenile idiopathic arthritis: therapeutic approaches for oligoarthritis, 
temporomandibular joint arthritis, and systemic juvenile idiopathic arthritis. 
Arthritis Rheumatol. 74, 553–569 (2022).

148.	 Kostik, M. M. et al. Standard and increased canakinumab dosing to quiet macrophage 
activation syndrome in children with systemic juvenile idiopathic arthritis. Front. Pediatr. 
10, 894846 (2022).

149.	 Garcia Borrega, J. et al. In the eye of the storm: immune-mediated toxicities associated 
with CAR-T cell therapy. Hemasphere 3, e191 (2019).

150.	 Chmielewski, M. & Abken, H. CAR T cells releasing IL-18 convert to T-Bet(high) FoxO1(low) 
effectors that exhibit augmented activity against advanced solid tumors. Cell Rep. 21, 
3205–3219 (2017).

151.	 US National Library of Medicine. ClinicalTrials.gov https://clinicaltrials.gov/study/
NCT04381936 (2024).

152.	 US National Library of Medicine. ClinicalTrials.gov https://clinicaltrials.gov/study/
NCT02735707 (2024).

153.	 WHO Rapid Evidence Appraisal for COVID-19 Therapies (REACT) Working Group. 
Association between administration of IL-6 antagonists and mortality among patients 
hospitalized for COVID-19: a meta-analysis. JAMA 326, 499–518 (2021).

154.	 REMAP-CAP Investigators et al. Interleukin-6 receptor antagonists in critically Ill patients 
with covid-19. N. Engl. J. Med. 384, 1491–1502 (2021).

155.	 RECOVERY Collaborative Group. Tocilizumab in patients admitted to hospital with 
COVID-19 (RECOVERY): a randomised, controlled, open-label, platform trial. Lancet 397, 
1637–1645 (2021).

156.	 US National Library of Medicine. ClinicalTrials.gov https://clinicaltrials.gov/study/
NCT04320615 (2021).

157.	 US National Library of Medicine. ClinicalTrials.gov https://www.clinicaltrials.gov/study/
NCT04327388 (2025).

158.	 Nasonov, E. & Samsonov, M. The role of interleukin 6 inhibitors in therapy of severe 
COVID-19. Biomedicine Pharmacotherapy 131, 110698 (2020).

159.	 US National Library of Medicine. ClinicalTrials.gov https://clinicaltrials.gov/study/
NCT04372186 (2023).

160.	 Salama, C. et al. Tocilizumab in patients hospitalized with COVID-19 pneumonia. 
N. Engl. J. Med. 384, 20–30 (2021).

161.	 Wu, J. et al. Effective therapy of tocilizumab on systemic juvenile idiopathic 
arthritis-associated refractory macrophage activation syndrome. Mod. Rheumatol. 32, 
1114–1121 (2022).

162.	 Yokota, S. et al. Macrophage activation syndrome in patients with systemic juvenile 
idiopathic arthritis under treatment with tocilizumab. J. Rheumatol. 42, 712–722 (2015).

http://www.nature.com/nrdp
https://doi.org/10.1016/j.cell.2024.05.034
https://doi.org/10.1093/jimmun/vkaf042
https://doi.org/10.1002/art.43052
https://doi.org/10.1002/art.43052
https://clinicaltrials.gov/study/NCT04381936
https://clinicaltrials.gov/study/NCT04381936
https://clinicaltrials.gov/study/NCT02735707
https://clinicaltrials.gov/study/NCT02735707
https://clinicaltrials.gov/study/NCT04320615
https://clinicaltrials.gov/study/NCT04320615
https://www.clinicaltrials.gov/study/NCT04327388
https://www.clinicaltrials.gov/study/NCT04327388
https://clinicaltrials.gov/study/NCT04372186
https://clinicaltrials.gov/study/NCT04372186


Nature Reviews Disease Primers |             (2026) 12:1 16

0123456789();: 

Primer

163.	 Lee, E. P. et al. Clinical value of tocilizumab in reducing mortality in refractory septic 
shock in children with hematologic and non-hematologic diseases. Cells 14, 441 (2025).

164.	 Chen, S. H. et al. Outcome of tocilizumab treatment in febrile neutropenic children 
with severe sepsis/septic shock in a single-center retrospective case series. Cancers 16, 
1512 (2024).

165.	 Locatelli, F. et al. Emapalumab in children with primary hemophagocytic 
lymphohistiocytosis. N. Engl. J. Med. 382, 1811–1822 (2020).  
This was the first clinical trial to show the efficacy of anti-IFNγ therapy for the treatment  
of pediatric patients with HLH, which led to the FDA approval of this therapy.

166.	 De Benedetti, F. et al. Efficacy and safety of emapalumab in macrophage activation 
syndrome. Ann. Rheum. Dis. 82, 857–865 (2023).

167.	 Chandrakasan, S. et al. Emapalumab treatment in patients with rheumatologic 
disease-associated hemophagocytic lymphohistiocytosis in the United States: 
a retrospective medical chart review study. Arthritis Rheumatol. 77, 226–238 (2025).

168.	 Kokkotis, G. et al. Systematic review with meta-analysis: COVID-19 outcomes in patients 
receiving anti-TNF treatments. Aliment. Pharmacol. Ther. 55, 154–167 (2022).

169.	 Qiu, P. et al. Antitumor necrosis factor therapy is associated with improved survival in 
clinical sepsis trials: a meta-analysis. Crit. Care Med. 41, 2419–2429 (2013).

170.	 Prahalad, S., Bove, K. E., Dickens, D., Lovell, D. J. & Grom, A. A. Etanercept in the 
treatment of macrophage activation syndrome. J. Rheumatol. 28, 2120–2124 (2001).

171.	 Ali, T. et al. Clinical use of anti-TNF therapy and increased risk of infections. 
Drug Healthc. Patient Saf. 5, 79–99 (2013).

172.	 Zhang, Q. et al. A study of ruxolitinib response-based stratified treatment for pediatric 
hemophagocytic lymphohistiocytosis. Blood 139, 3493–3504 (2022).

173.	 Kalil, A. C. et al. Baricitinib plus remdesivir for hospitalized adults with Covid-19. 
N. Engl. J. Med. https://doi.org/10.1056/nejmoa2031994 (2020).  
This was the first clinical trial to show that the JAK inhibitor baricitinib had efficacy in 
patients with COVID-19, which was a key step towards the FDA approval of this therapy.

174.	 Henter, J. I. & von Bahr Greenwood, T. Etoposide therapy of cytokine storm syndromes. 
Adv. Exp. Med. Biol. 1448, 525–551 (2024).

175.	 Johnson, T. S. et al. Etoposide selectively ablates activated T cells to control the 
immunoregulatory disorder hemophagocytic lymphohistiocytosis. J. Immunol. 192, 
84–91 (2014).

176.	 Nicholson, M. C. et al. Etoposide-based treatment of adult HLH is associated with high 
biochemical response but poor survival outcomes. EJHaem 1, 277–280 (2020).

177.	 Janssen, M. T., Ramiro, S., Mostard, R. L., Magro-Checa, C. & Landewe, R. B. Three-month 
and six-month outcomes of patients with COVID-19 associated hyperinflammation 
treated with short-term immunosuppressive therapy: follow-up of the CHIC study. 
RMD Open 7, e001906 (2021).

178.	 Li, X. et al. Health-related quality of life among discharged patients with hemophagocytic 
lymphohistiocytosis: a follow-up study. Pediatr. Blood Cancer 72, e31431 (2025).

179.	 Norelli, M. et al. Monocyte-derived IL-1 and IL-6 are differentially required for cytokine- 
release syndrome and neurotoxicity due to CAR T cells. Nat. Med. 24, 739–748 (2018).  
This study elucidated the molecular role of monocytes in producing both IL-1 and IL-6 
in CAR T cell-induced cytokine storm, known as cytokine release syndrome.

180.	 Lee, P. Y. & Cron, R. Q. The multifaceted immunology of cytokine storm syndrome. 
J. Immunol. 210, 1015–1024 (2023).

181.	 Opal, S. M. et al. Confirmatory interleukin-1 receptor antagonist trial in severe sepsis: 
a phase III, randomized, double-blind, placebo-controlled, multicenter trial. The 
Interleukin-1 Receptor Antagonist Sepsis Investigator Group. Crit. Care Med. 25, 
1115–1124 (1997).

182.	 Huet, T. et al. Anakinra for severe forms of COVID-19: a cohort study. Lancet Rheumatol. 2, 
e393–e400 (2020).

183.	 US National Library of Medicine. ClinicalTrials.gov https://www.clinicaltrials.gov/study/
NCT04443881 (2021).

184.	 Strati, P. et al. Clinical efficacy of anakinra to mitigate CAR T-cell therapy-associated 
toxicity in large B-cell lymphoma. Blood Adv. 4, 3123–3127 (2020).

185.	 de Boysson, H. et al. Four months of treatment with anakinra combined with 
glucocorticoids for giant cell arteritis: a multicenter, randomized, double-blind, 
placebo-controlled trial. Arthritis Res. Ther. 27, 122 (2025).

186.	 Schumacher, H. R. Jr. et al. Rilonacept (interleukin-1 trap) in the prevention of acute 
gout flares during initiation of urate-lowering therapy: results of a phase II randomized, 
double-blind, placebo-controlled trial. Arthritis Rheum. 64, 876–884 (2012).

187.	 Hirsch, J. D., Gnanasakthy, A., Lale, R., Choi, K. & Sarkin, A. J. Efficacy of canakinumab vs. 
triamcinolone acetonide according to multiple gouty arthritis-related health outcomes 
measures. Int. J. Clin. Pract. 68, 1503–1507 (2014).

188.	 Gibbs, A. et al. Anakinra (Kineret) in psoriasis and psoriatic arthritis: a single-center, 
open-label, pilot study. Arthritis Res. Ther. 7, P68 (2005).

189.	 Caorsi, R. et al. Long-term efficacy of MAS825, a bispecific anti-IL1β and IL-18 monoclonal 
antibody, in two patients with systemic JIA and recurrent episodes of macrophage 
activation syndrome. Rheumatology 64, 1528–1533 (2025).

190.	 Hasni, S. et al. 183 A phase 1B/2A trial of tofacitinib, an oral Janus kinase inhibitor, 
in systemic lupus erythematosus. Lupus Sci. Med. 6, A139 (2019).

191.	 Choi, S. W. et al. TNF-inhibition with etanercept for graft-versus-host disease prevention 
in high-risk HCT: lower TNFR1 levels correlate with better outcomes. Biol. Blood Marrow 
Transpl. 18, 1525–1532 (2012).

192.	 Gatza, E. et al. Etanercept plus topical corticosteroids as initial therapy for grade one 
acute graft-versus-host disease after allogeneic hematopoietic cell transplantation. 
Biol. Blood Marrow Transpl. 20, 1426–1434 (2015).

193.	 Chousterman, B. G., Swirski, F. K. & Weber, G. F. Cytokine storm and sepsis disease 
pathogenesis. Semin. Immunopathology 39, 517–528 (2017).

194.	 Qiu, P. et al. Antitumor necrosis factor therapy is associated with improved survival in 
clinical sepsis trials. Crit. Care Med. 41, 2419–2429 (2013).

195.	 Rodriguez-Lago, I. et al. Characteristics and prognosis of patients with inflammatory 
bowel disease during the SARS-CoV-2 pandemic in the Basque Country (Spain). 
Gastroenterology 159, 781–783 (2020).

196.	 Waggershauser, C. H. et al. Letter: immunotherapy in IBD patients in a SARS-CoV-2 endemic  
area. Aliment. Pharmacol. Ther. 52, 898–899 (2020).

197.	 O’Halloran, J. A. et al. Abatacept, cenicriviroc, or infliximab for treatment of adults 
hospitalized with covid-19 pneumonia: a randomized clinical trial. JAMA 330, 328–339 
(2023).

198.	 US National Library of Medicine. ClinicalTrials.gov https://clinicaltrials.gov/study/
NCT04324021 (2022).

199.	 Hommes, D. et al. Fontolizumab (Huzaf), a humanized anti-IFN-gamma antibody, 
has clinical activity and excellent tolerability in moderate to severe Crohn’s disease. 
Gastroenterology 127, 332 (2004).

200.	Wang, Z. et al. Rovadicitinib in patients with hemophagocytic lymphohistiocytosis: 
a single arm, open-label, phase I study. Blood 144, 806 (2024).

201.	 Rogler, G. Efficacy of JAK inhibitors in Crohn’s disease. J. Crohns Colitis 14, S746–S754 (2020).
202.	Merola, J. F. et al. Efficacy of tofacitinib for the treatment of nail psoriasis: two 52-week, 

randomized, controlled phase 3 studies in patients with moderate-to-severe plaque 
psoriasis. J. Am. Acad. Dermatol. 77, 79–87.e1 (2017).

203.	Papp, K. A. et al. Tofacitinib, an oral Janus kinase inhibitor, for the treatment of chronic 
plaque psoriasis: results from two randomized, placebo-controlled, phase III trials. 
Br. J. Dermatology 173, 949–961 (2015).

204.	Quartier, P. et al. A multicentre, randomised, double-blind, placebo-controlled trial with 
the interleukin-1 receptor antagonist anakinra in patients with systemic-onset juvenile 
idiopathic arthritis (ANAJIS) trial. Ann. Rheum. Dis. 70, 747–754 (2011).

205.	Nordström, D. et al. Beneficial effect of interleukin 1 inhibition with anakinra in  
adult-onset Still’s disease. An open, randomized, multicenter study. J. Rheumatol. 39, 
2008–2011 (2012).

206.	Bresnihan, B. et al. Treatment of rheumatoid arthritis with recombinant human 
interleukin-1 receptor antagonist. Arthritis Rheum. 41, 2196–2204 (1998).

207.	 Goldbach-Mansky, R. et al. Neonatal-onset multisystem inflammatory disease responsive 
to interleukin-1β inhibition. N. Engl. J. Med. 355, 581–592 (2006).

208.	Hawkins, P. N., Lachmann, H. J. & McDermott, M. F. Interleukin-1-receptor antagonist in 
the Muckle-Wells syndrome. N. Engl. J. Med. 348, 2583–2584 (2003).  
This study, along with other clinical trials in the early 2000s, laid the foundation for the 
clinical use of anti-IL-1 blockade as a treatment strategy in cytokine storm associated 
with mutations driving aberrant inflammasome activation.

209.	De Benedetti, F. et al. Canakinumab for the treatment of autoinflammatory recurrent 
fever syndromes. N. Engl. J. Med. 378, 1908–1919 (2018).

210.	 Yokota, S. et al. Efficacy and safety of tocilizumab in patients with systemic-onset juvenile 
idiopathic arthritis: a randomised, double-blind, placebo-controlled, withdrawal phase III 
trial. Lancet 371, 998–1006 (2008).

211.	 Deisseroth, A. et al. FDA approval: siltuximab for the treatment of patients with multicentric  
castleman disease. Clin. Cancer Res. 21, 950–954 (2015).

212.	 Le, R. Q. et al. FDA approval summary: tocilizumab for treatment of chimeric antigen 
receptor T cell-induced severe or life-threatening cytokine release syndrome. Oncologist 
23, 943–947 (2018).

213.	 Smolen, J. S. et al. Effect of interleukin-6 receptor inhibition with tocilizumab in patients  
with rheumatoid arthritis (OPTION study): a double-blind, placebo-controlled, randomised  
trial. Lancet 371, 987–997 (2008).

214.	 Stone, J. H. et al. Trial of tocilizumab in giant-cell arteritis. N. Engl. J. Med. 377, 317–328 
(2017).

215.	 Rosas, I. O. et al. Tocilizumab in hospitalized patients with severe Covid-19 pneumonia.  
N. Engl. J. Med. 384, 1503–1516 (2021).

216.	 Maini, R. et al. Infliximab (chimeric anti-tumour necrosis factor α monoclonal 
antibody) versus placebo in rheumatoid arthritis patients receiving concomitant 
methotrexate: a randomised phase III trial. ATTRACT Study Group. Lancet 354, 
1932–1939 (1999).

217.	 Derkx, B. et al. Tumour-necrosis-factor antibody treatment in Crohn’s disease. Lancet 
342, 173–174 (1993).

218.	 Targan, S. R. et al. A short-term study of chimeric monoclonal antibody cA2 to tumor 
necrosis factor α for Crohn’s disease. Crohn’s Disease cA2 Study Group. N. Engl. J. Med. 
337, 1029–1035 (1997).

219.	 Rutgeerts, P. et al. Infliximab for induction and maintenance therapy for ulcerative colitis. 
N. Engl. J. Med. 353, 2462–2476 (2005).

220.	Papp, K. A. et al. A global phase III randomized controlled trial of etanercept in  
psoriasis: safety, efficacy, and effect of dose reduction. Br. J. Dermatology 152,  
1304–1312 (2005).

221.	 Berry, M. A. et al. Evidence of a role of tumor necrosis factor α in refractory asthma. 
N. Engl. J. Med. 354, 697–708 (2006).

222.	 Lounder, D. T., Bin, Q., de Min, C. & Jordan, M. B. Treatment of refractory hemophagocytic 
lymphohistiocytosis with emapalumab despite severe concurrent infections. Blood Adv. 
3, 47–50 (2019).

223.	 Cantini, F. et al. Baricitinib therapy in COVID-19: a pilot study on safety and clinical impact. 
J. Infect. 81, 318–356 (2020).

http://www.nature.com/nrdp
https://doi.org/10.1056/nejmoa2031994
https://www.clinicaltrials.gov/study/NCT04443881
https://www.clinicaltrials.gov/study/NCT04443881
https://clinicaltrials.gov/study/NCT04324021
https://clinicaltrials.gov/study/NCT04324021


Nature Reviews Disease Primers |             (2026) 12:1 17

0123456789();: 

Primer

224.	 Ruperto, N. et al. Tofacitinib in juvenile idiopathic arthritis: a double-blind, placebo-controlled,  
withdrawal phase 3 randomised trial. Lancet 398, 1984–1996 (2021).

225.	 Jagasia, M. et al. Ruxolitinib for the treatment of steroid-refractory acute GVHD (REACH1): 
a multicenter, open-label phase 2 trial. Blood 135, 1739–1749 (2020).

226.	 Fleischmann, R. et al. Placebo-controlled trial of tofacitinib monotherapy in rheumatoid 
arthritis. N. Engl. J. Med. 367, 495–507 (2012).

227.	 Sandborn, W. J. et al. Tofacitinib as induction and maintenance therapy for ulcerative 
colitis. N. Engl. J. Med. 376, 1723–1736 (2017).

Author contributions
Introduction (R.K. and T.-D.K.); Epidemiology (C.D.); Mechanisms/pathophysiology (R.K. and 
T.-D.K.); Diagnosis, screening and prevention (R.K. and M.G.N.); Management (R.K. and M.G.N.); 
Quality of life (C.D.); Outlook (T.-D.K.); overview of Primer (T.-D.K.).

Competing interests
The authors declare no competing interests.

Additional information
Peer review information Nature Reviews Disease Primers thanks S. Sanyal, T. Kishimoto, 
R. Cron and the other, anonymous, reviewer(s) for their contribution to the peer review of 
this work.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this 
article under a publishing agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article is solely governed by the 
terms of such publishing agreement and applicable law.

© Springer Nature Limited 2026

http://www.nature.com/nrdp

	Cytokine storm

	Introduction

	Box 1 | Terms and definitions

	Epidemiology

	Monogenic cytokine storm

	Non-monogenic cytokine storm

	Pathogen-induced cytokine storm
	Autoimmune-induced or auto-inflammation-induced cytokine storm
	Malignancy-induced cytokine storm
	Therapeutic intervention-induced cytokine storm


	Mechanisms/pathophysiology

	Temporal progression of cytokine storm

	Role of immune cells

	Innate immune cells
	Adaptive immune cells

	Cytokine storm amplification

	PANoptosis and inflammatory cell death
	Cytokines and PANoptosis — amplification loop


	Diagnosis, screening and prevention

	Signs and symptoms

	Laboratory findings

	Screening and prevention


	Management

	Glucocorticoids

	Cytokine inhibitors

	JAK inhibitors

	Etoposide


	Quality of life

	Outlook

	Fig. 1 Schematic representation of cytokine storm initiation and amplification.
	Fig. 2 Temporal progression of immune and pathophysiological events in cytokine storm.
	Fig. 3 Cellular and cytokine networks in cytokine storm.
	Fig. 4 Innate immune sensors and PANoptosis in cytokine storm amplification.
	Fig. 5 Clinical manifestations and organ-specific complications associated with cytokine storm.
	Table 1 Therapeutics in cytokine storm — targeted treatments for cytokine pathways.




