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Cytokine storm (CS) is a severe systemic inflammatory syndrome characterized by the excessive activation of immune cells and a
significant increase in circulating levels of cytokines. This pathological process is implicated in the development of life-threatening
conditions such as fulminant myocarditis (FM), acute respiratory distress syndrome (ARDS), primary or secondary hemophagocytic
lymphohistiocytosis (HLH), cytokine release syndrome (CRS) associated with chimeric antigen receptor-modified T (CAR-T) therapy,
and grade lll to IV acute graft-versus-host disease following allogeneic hematopoietic stem cell transplantation. The significant
involvement of the JAK-STAT pathway, Toll-like receptors, neutrophil extracellular traps, NLRP3 inflammasome, and other signaling
pathways has been recognized in the pathogenesis of CS. Therapies targeting these pathways have been developed or are
currently being investigated. While novel drugs have demonstrated promising therapeutic efficacy in mitigating CS, the overall
mortality rate of CS resulting from underlying diseases remains high. In the clinical setting, the management of CS typically
necessitates a multidisciplinary team strategy encompassing the removal of abnormal inflammatory or immune system activation,
the preservation of vital organ function, the treatment of the underlying disease, and the provision of life supportive therapy. This
review provides a comprehensive overview of the key signaling pathways and associated cytokines implicated in CS, elucidates the
impact of dysregulated immune cell activation, and delineates the resultant organ injury associated with CS. In addition, we offer
insights and current literature on the management of CS in cases of FM, ARDS, systemic inflammatory response syndrome,
treatment-induced CRS, HLH, and other related conditions.
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INTRODUCTION

The cytokine storm (CS) is a life-threatening systemic inflamma-
tory syndrome characterized by hyperactivation of immune cells
and elevated levels of circulating cytokines.'™ The clinical
presentation includes acute systemic inflammatory symptoms,
organ dysfunction, and mortality. Although the term “CS” was first
coined in 1993, recognition of this hyperinflammatory state can be
traced back to earlier literature (Fig. 1), with references to an
“influenza-like syndrome” in 1958 to describe the exaggerated
immune response following systemic viral infections."® In 1991,
the term “cytokine release syndrome” (CRS) was coined to
characterize the inflammatory and hypercytokinemia state follow-
ing muromonab-CD3 infusion, highlighting the significant role of
cytokines in the pathogenesis of the condition.” Subsequently, the
targeting of interleukin-1 (IL-1) and tumor necrosis factors (TNF)
with inhibition was explored as a treatment approach for acute
graft-versus-host disease (aGVHD).2® By 1993, the term “CS” was
first utilized to describe the engraftment syndrome associated

; https://doi.org/10.1038/541392-025-02178-y

with aGVHD following allogeneic hematopoietic stem cell
transplantation (allo-HSCT).'® Subsequent to this, a greater
understanding of CS has been achieved through the examination
of various clinical contexts,'’ including immunotherapies,'?'?
pathogens, cancers,' autoimmune diseases, and monogenic
diseases.”>'® However, the precise mechanism of initiation
remains incompletely elucidated. CS entails intricate interactions
among various immune cells, cytokines (Table 1), and chemokines
(Table 2). Due to the deleterious effects of CS, extensive research
efforts have been undertaken to elucidate the pathophysiology of
CS in various diseases and to investigate potential therapeutic
strategies for its management. The presence of CS has been
documented in various infectious contexts, including cytomega-
lovirus, Epstein-Barr virus (EBV), influenza virus, variola virus, and
severe acute respiratory syndrome coronavirus (SARS-CoV), as well
as in non-infectious conditions such as aGVHD, hemophagocytic
lymphohistiocytosis (HLH), acute respiratory distress syndrome
(ARDS), and rheumatic disorders.!" Efforts have been made to
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Fig. 1 Timeline of insight into cytokine storm. The figure was created with the assistance of Powerpoint

create predictive models for the early detection of CS. The
HScore'” and MS score'® are commonly utilized in the evaluation
of CS associated with HLH, while the Common Terminology
Criteria for Adverse Events grading system is more commonly
employed for the assessment of CS in various contexts.
Additionally, numerous cytokine antibodies and inhibitors have
been developed to target and inhibit cytokine cascades in
diseases, such as antibodies targeting IL-1, IL-6, IL-18, TNF,
interferon (IFN)-y, as well as Janus kinase (JAK) inhibitors, caspase
inhibitors and calcineurin inhibitors.""®

Unregulated inflammatory processes and extensive cytokine
cascades are intricately linked to a range of critical clinical
conditions, including fulminant myocarditis (FM),%>?' ARDS,*
systemic inflammatory response syndrome (SIRS),>>?* HLH,*
aGVHD,?® and CRS associated with chimeric antigen receptor-
modified T (CAR-T) therapy.”’?® Our team, along with other
researchers, has concentrated on preclinical and clinical interven-
tions aimed at decreasing mortality associated with C5.2%2°3° |n
numerous scenarios, CS serves as a prevalent and deleterious
mechanism. Contemporary approaches to managing CS under-
score the importance of multidisciplinary collaboration.® Treat-
ment strategies, such as immunomodulation and organ function
support, are generally consistent across various conditions.’
However, distinct offender signaling pathways and cytokines vary
among different diseases,*® leading to tailored treatment
approaches. Drawing upon recent advancements in the field
globally and our own research, we present a thorough review that
examines the role and potential therapeutic interventions of CS in
acute and critical illnesses. This review will go through the classic
signaling pathways, key immune cells and targeted organ damage
associated with CS. It will then delve into the characteristics and
management of CS in several critical internal diseases, including
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FM, ARDS, SIRS, HLH, aGVHD and CAR-T related CRS. Finally, we
will discuss potential future directions for improving the manage-
ment of CS.

THE ROLES OF KEY SIGNALING PATHWAYS AND RELATED
CYTOKINES INVOLVED IN CS

JAK/STAT pathway

The JAKs and signal transducers and activators of transcription
(STATSs) are integral components of a highly conserved signaling
pathway that plays a significant role in CS (Fig. 2).*™*® This pathway
consists of three main structural components: transmembrane
receptors, receptor-associated JAKs, and STATs. The JAK family
includes four subtypes: JAK1, JAK2, JAK3, and TYK2,** while the
STAT family consists of seven subtypes: STAT1, STAT2, STAT3, STAT4,
STAT5A, STATS5B, and STAT6.***” Numerous cytokines, including ILs,
IFNs, and growth factors, have been demonstrated to participate in
JAK/STAT signaling, contributing to essential physiological processes
such as cell differentiation, metabolism, hematopoiesis, homeostasis,
and immunomodulation.*®*° Specifically, IL-6, a multifunctional
cytokine, triggers the JAK/STAT3 pathway through classical cis-
signaling, trans-signaling, and trans-presentation mechanisms.>®~?
IL-6 has the ability to interact with the membrane-bound IL-6
receptor (mIL-6R) present on immune cells, as well as with the
soluble form of the IL-6 receptor (sIL-6R), forming a complex that
triggers the activation of gp130 and subsequently initiates the JAK/
STATS3 signaling pathway.>*>® This activation cascade of IL-6/IL-6R/
JAK/STAT3 results in a systemic hyperinflammatory response,
leading to the secretion of various mediators, including IL-1, IL-8,
chemokine ligand 2 (CCL2), CCL3, CCL5, granulocyte-macrophage
colony-stimulating factor (GM-CSF), and VEGF %% Additionally, TNF
and IFN-y are two important pro-inflammatory cytokines that can
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Table 1. Common cytokines and their features
Cytokines  Main cell type Major Function
IL-1 Macrophages, epithelial cells, pyroptic cells Pro-inflammatory; pyrogenic; macrophage activation; Th17 cells differentiation.>®
IL-2 T cells Autoimmunity regulation; T cell proliferation and differentiation; Teff generation;
Treg maintenance.*®*
IL-4 Mast cells, Th2 cells, eosinophils, and basophils Anti-inflammatory; IgE production; Th2 differentiation; M2 macrophage
polarization'®®
IL-6 Macrophages, T cells, fibroblasts, endothelial cells Pro-inflammatory; acute phase response; pyrogenic; angiogenic; T cell
differentiation; enhanced antibody production, increased vascular permeability.>®®
IL-9 Th9 cells, type 2 innate lymphoid cells, Tc9 cells,  Pleiotropic; anti-tumor; T cells and B cells regulation; mast cells activation.>®®
V82 T cells, mast cells
IL-10 Th2 cells, Treg cells, CD8" T cells, B cells Anti-inflammatory; suppression of immune response; inhibition of macrophage
activation; inhibition of Th1 cells; Treg response.>®’
IL-12 DCs, macrophages Th1 cell differentiation; activation of T and NK cells; inhibition of
immunosuppressive cells; induction of IFN-y production; action in synergy with IL-
18.568
IL-13 Th2 cells Anti-inflammatory; B cell proliferation; activation of eosinophils, basophils, and mast
cells.>®°
IL-17 Th17 cells, Tc17 cells, NK cells, y8 T cells, type 3 Pro-inflammatory; bacterial elimination; induction of cytokines and chemokines;
innate lymphoid cells immune cell recruitment.®”°
IL-18 Macrophages, DCs Pro-inflammatory; activation of Th1 cells; action in synergy with IL-12."
IL-21 Tth cells Pro-inflammatory; B cell activation; CD8" T differentiation and activation.>’2
IL-22 Th1, Th17, Th22, CD8" T cells, v T cells, NK cells, Regulation of host defense and epithelial homeostasis; antimicrobial.>”>
neutrophils
IL-31 Th2 cells, macrophages, DCs, eosinophils, mast Pro-inflammatory; cell mediated immunity; itch mediator.>”*
cells, fibroblasts and keratinocytes
IL-33 Endothelial cells, epithelial cells, macrophages, Pro-inflammatory; activation of Th1, Th2, NK cells, CD8" T cells; allergic
DCs, mast cells inflammation.>”®
IL-37 Macrophages, DCs, epithelial cells, Treg cells Anti-inflammatory; suppression of innate inflammatory and immune responses.>’®
Type | IFN  Virtually all body cells Antimicrobial activity; modulation of innate immune responses; activate the
adaptive immune system.>’”
Type Il IFN NK cells, Th1 cells, cytotoxic T cells Proinflammatory; antiviral immunity, regulation of innate and adaptive immune
responses.’’®
TGF-p Almost every tissue and cell type Immunosuppressive; oncogenic; regulation of cell proliferation, embryonic
development, wound healing, and immune response.®”®
TNF T cells, NK cells, macrophages, mast cells Pyrogenic; increasing vascular permeability.>%°

DCs dendritic cells, IL interleukin, Th cells helper T cells, Teff effector T cells, Treg regulatory T cells, NK natural killer T cells, Tfh follicular helper T cells, TGF tumor
growth factor, TNF tumor necrosis factor

activate kinases of the JAK family, particularly JAK1. This activation
leads to the phosphorylation and activation of STAT proteins, which
in turn promotes the expression of inflammation-related genes. This
process plays a crucial role in the pathophysiology of CRS.'®"%? The
overactivation of the JAK/STAT pathway has been identified as a key
factor in the induction of cytokine release and inflammatory
disturbances in a variety of diseases, such as HLH,%*"%> aGVHD,*®
CAR-T,%”#® COVID-19,%° and FM-associated CS.”

Elevated levels of various cytokines, including IL-1, IL-2, IL-6, IL-
10, IL-12, IL-18, TNF, IFN-y, and GM-CSF, have been detected in the
serum of HLH patients. These cytokines primarily activate the JAK/
STAT pathways, leading to the excessive production of proin-
flammatory cytokines and often serving as a negative prognostic
indicator.”"72 Significantly, IL-2 and IL-12 are pivotal cytokines that
induce activation of STAT5 in CD8 T cells.®® The JAK/STAT pathway
is known to play a critical role in the pathogenesis of aGVHD.”*>”* It
mediates the pro-GVHD effects of natural killer (NK) cells.””
Specifically, STAT1 and STAT3 are essential in the regulation of
cytokine production, activation, expansion, and the fate of
regulatory T cells (Tregs) in aGVHD.”®

The JAK/STAT pathway plays a significant role in the
pathogenesis of CRS associated with CAR-T therapy, with
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appropriate activation enhancing the antitumor activity of CAR
T-cells and overactivation contributing to CRS.”” Inhibition of JAK1
has been shown to reduce CRS associated with CAR-T therapy.®” In
the context of COVID-19, CS is implicated in ARDS and multi-organ
failure.3> The inhibition JAK demonstrates promising efficacy in
the treatment of COVID-19.”% The JAK/ STAT pathway plays a
significant role in the initiation of viral myocarditis and influences
myocardial hypertrophy and heart failure.”?° STAT3 indirectly
modulates hypertrophic remodeling and the progression of heart
failure.8'82 Excessive activation of STAT3 worsens outcomes
following myocardial infarction in murine models.2*> Additionally,
STAT3 is crucial for the differentiation of Th17 cells, which has a
substantial impact on the development and advancement of
myocarditis.®*%> These findings emphasize the significant involve-
ment of different cytokines and the JAK/STAT pathway in the
pathogenesis of CRS, indicating the potential efficacy of targeting
the JAK/STAT pathway as a therapeutic approach for CRS.®

TLRs

Toll-like receptors (TLRs) represent a primitive category of pattern
recognition receptors (PRRs) that recognize pathogen-associated
molecular patterns (PAMPs). These receptors are present on a
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epithelial cells, fibroblasts

MIP-1p (CCL4) Macrophages, CD8" T cells, NK cells, B cells, neutrophils

IL-8 (CXCL8)
MIG (CXCL9)

Macrophages, epithelial cells, endothelial cells
Monocytes, endothelial cells, keratinocytes

IP-10 (CXCL10) Macrophages, DCs, T cells, NK cells

BLC (CXCL13) B cells, DCs

Table 2. Common chemokines and their features

Chemokines  Main cell type Major Function

MCP-1 (CCL2) Macrophages, epithelial cells, endothelial cells, smooth Pro-inflammatory; recruitment of macrophages, Th1 cells, and NK cells;
muscle cells, fibroblasts induction of cytokines.>®'

MIP-1a (CCL3) Macrophages, neutrophils, lymphocytes, NK cells, Immune surveillance and tolerance; Recruitment of macrophages, NK

cells, Th1 cells, and DCs.*®?

Oncogenic; recruitment of macrophages, lymphocytes, NK cells, and
neutrophils.>®

Neutrophil chemotaxis.”®*

IFN-inducible chemokine; recruitment of Th1 cells, NK cells, and
plasmacytoid DCs.>®

Pathogenesis of autoimmunity; recruitment and activation of Th1 cells,
macrophages, and NK cells.>®

Recruitment of B cells, Th1 cells, macrophages, and DCs.>8¢

CCL chemokine ligand, CXCL CXC-motif chemokine ligand, MCP-1 monocyte chemoattractant protein 1, MIP macrophage inflammatory protein, MIG monokine
induced by interferon-gamma, IP-10 interferon-induced protein 10, BLC B lymphocyte chemoattractant

variety of immune cells and tissue cells, such as monocytes,
macrophages, and dendritic cells (DCs), which serve as detectors
of pathogen incursion. The activation of TLRs plays a critical role in
the development of infectious diseases and the progression of
CS.28 Upon recognition of PAMPs, TLRs initiate the release of
pro-inflammatory cytokines and orchestrate appropriate immune
responses to safeguard cells from harm.29°° Activation of TLRs
leads to the production of antiviral cytokines such as type I IFNs,
IL-18, and IL-6, which directly impede viral replication.

Nevertheless, the release of pro-inflammatory factors and
cytokines by TLRs may also have deleterious effects (Fig. 2). The
excessive production of pro-inflammatory mediators can lead to
tissue damage and organ dysfunction. TLRs play a key role in
promoting CS through two distinct signaling pathways: the
canonical TLRs-MyD88-MAPK pathway, which triggers the tran-
scription of pro-inflammatory factors and cytokines such as TNF,
IL-18, and IL-6; and the noncanonical TLRs-TRIF-IRF3 pathway,
which induces the production of type | IFNs (IFN-a and B).

The activation of TLRs plays a significant role in numerous
inflammatory diseases and is closely linked to clinical outcomes.
Research has demonstrated that TLRs, including TLR3, TLR4, TLR?,
and TLR8, among others, contribute to the immune dysregulation
observed in cases of COVID-19.87°" A clinical study has indicated
the interaction between the spike protein of SARS-CoV-2 and cell
surface TLRs, particularly TLR4.° Analysis of samples from
endotracheal aspirates, whole blood, and plasma has shown
heightened activation of TLR3, TLR4, TLR7, and TLR9 in critically ill
COVID-19 patients.”®> The utilization of nucleic acid-binding
microfibers in treatment has shown potential in mitigating the
over-activation of TLRs and the subsequent nuclear factor kappa B
(NF-xB) pathway by removing damage-associated molecular
patterns (DAMPs)/PAMPs in affected patients.”

TLRs have been implicated in the pathogenesis of viral
myocarditis, with genetic variations in TLRs influencing suscept-
ibility to the condition. In a cohort of patients with biopsy-proven
enteroviral myocarditis, the presence of a single nucleotide
polymorphism (SNP) in the TLR3 gene was observed in 52.63%
of cases, with 21.05% being homozygous for the SNP. In contrast,
the homozygosity rate of this SNP was found to be only 4% in the
control population.”® Furthermore, there is evidence suggesting
that susceptibility to myocardial inflammation varies depending
on TLR4 SNPs.” In the classical mouse model of coxsackievirus B3
(CVB3)-induced viral myocarditis, CVB3 infection leads to the
upregulation of all TLRs® which in turn triggers cytokine
production and immune cell recruitment to the myocardium.
The cardiac infiltrating immune cells, in conjunction with
damaged cardiomyocytes, secrete a significant amount of
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cytokines and chemokines, such as IL-1, IL-6, TNF, and IFNs, which
contribute to additional tissue injury and cytokine release,
establishing a detrimental positive feedback loop.””™'% Improper
activation of TLRs may lead to the development of autoimmune
reactions. For instance, due to structural similarities with specific
PAMPs, exposure of cardiac myosin can directly stimulate TLR2
and TLRS, initiating downstream signaling pathways.'?"'2

NETs
Neutrophil extracellular traps (NETs) are extracellular reticular
structures formed by neutrophils. NETs contain various compo-
nents such as neutrophil elastase, myeloperoxidase, cathepsin G,
histone, and DNA. They have a strong capacity to capture
pathogens and limit the dissemination of infection. Inflammatory
stimulation may induce the production of NETs through a process
of reticular proliferation by neutrophils, referred to as NETosis (a
new programmed cell death). The contents of NETs could enhance
the pro-inflammatory activity of neutrophils by promoting the
release of IL-8. Additionally, NETs facilitate the activation of CD4"
T cells and the phagocytic function of macrophages through
inflammasome signaling.'®® In the context of atherosclerosis, NETs
increase macrophage expression of IL-6 and pro-IL-1f via the TLR2
and TLR4 pathways. The elevation of pro-inflammatory cytokines
facilitates the differentiation of Th17 cells and the recruitment of
myeloid cells.'®

NETs potentially exacerbate SARS-CoV-2-induced CS and
macrophage activation syndrome (MAS).'® In the context of
COVID-19, the excessive formation of NETs is linked to the onset
of acute lung injury (ALl), ARDS, and an increased risk of
immunothrombosis.'®® NETs exacerbate the progression of viral
myocarditis. The inhibition of NETs improved the outcome of
experimental autoimmune myocarditis. One identified mechanism
that governs the release of NETs and NETosis is the midkine-low-
density lipoprotein receptor related protein 1 axis.'”’

NLRP3 inflammasome

The NLR family pyrin domain containing 3 (NLRP3) inflammasome
is a complex of multimeric cytosolic proteins that forms in
response to cellular stimuli. Activation of the NLRP3 inflamma-
some leads to the activation of caspase-1, which in turn promotes
the maturation of IL-1B, IL-18, and gasdermin D (GSDMD,
Fig. 2).'97% Activation of the NLRP3 inflammasome requires
two signals, the first of which involves the activation of NF-«kB
through PRRs. NF-kB translocates to the cell nucleus to initiate the
transcription of caspase-1, NLRP3, pro-IL-13, and pro-IL-18.
Subsequently, cellular stress signals stimulate the assembly and
activation of the NLRP3 inflammasome complex. The NLRP3

Signal Transduction and Targeted Therapy (2025)10:112
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Fig.2 Cytokine signaling pathways. JAK-STAT pathway: cytokines activate the JAK/STAT pathway and trigger the secretion of a variety of pro-
inflammatory mediators. TLRs pathways: Stimulated by the PAMPs or DAMPs, TLRs promote cytokine storm mainly via two signaling pathways:
the canonical TLRs-MyD88-MAPK pathway and the noncanonical TLRs-TRIF-IRF3 pathway. The TLRs could also regulate the transcription of NF-
kB and cause cytokine production. TCR/BCR/NF-kB pathway: cytokines bind to receptors on immune cells and induces NF-xB pathway
activation and induce the activation of multiple cytokines. NLRP3 pathway: the activation of NLRP3 requires two signals: The first signal was
the activation of inflammatory transcription factor NF-xB, thereby upregulating pro-IL-1p, pro-IL-18, NLRP3, and caspase-1. The second
signaling process was NLRP3 induces the formation of super-molecule signaling inflammasome complex by recruiting ASC, leading to IL-1§
maturation and secretion of IL-18, as well as to gasdermin D-mediated pyroptosis. PANoptosome pathway: PANoptosome inflammasome
complex was assembled and activated by immune disturbance, promoting caspase-dependent and MLKL-dependent PANoptotosis.
Abbreviations: JAK Janus Kinase, STAT signal transducer and activator of transcription, TLRs Toll-like receptors, DAMPs damage-associated
molecular patterns, PAMPs pathogen-associated molecular patterns, TRIF TIR domain-containing adapter inducing IFN-p, TRAF tumor necrosis
factor receptor-associated factor, IRF3 interferon regulatory factor 3, MyD88 myeloid differentiation primary response 88, MAPK mitogen-
activated protein kinase, AP-1 activating protein-1, TCR T-cell receptor, BCR B-cell receptor, NF-kB Nuclear Factor kappa B, IkB inhibitor of NF-
kB, NLRP3 the NLR family pyrin domain containing 3, NEK7 NIMA-related kinase 7, ASC apoptosis related spot like protein, GSDMD gasdermin
D, ZBP1 Z-DNA binding protein 1, AMI2 absent in melanoma 2, MLKL mixed-lineage kinase domain-like pseudokinase. The figure was created

with the assistance of FIGDRAW

inflammasome then facilitates the dimerization and activation of
caspase-1, leading to the cleavage of pro-IL-1B, pro-IL-18, and
GSDMD into their active forms."'® IL-1B facilitates the recruitment
of neutrophils and T cells to the site of infection, resulting in the
release of secondary wave cytokines such as IL-6 and TNF by
epithelial and endothelial cells. Elevated levels of IL-18 stimulate
the production of IFN-y by T cells and NK cells.""" Additionally,
GSDMD serves as a pro-inflammatory mediator that triggers
pyroptotic cell death. Furthermore, the binding of IL-1B to IL-1
receptor 1 (IL-1R1) and IL-18 to IL-18 receptor (IL-18R) activates the
NF-kB signaling pathway, creating a positive feedback loop that
amplifies the inflammatory response.''?

Continuous activation of the NLRP3 inflammasome is associated
with the pathogenesis of several inflammatory disorders, includ-
ing Alzheimer’s disease, asthma and allergic airway inflammation,
diabetes, inflammatory bowel disease, atherosclerosis, gouty
arthritis and so on.""® In addition, gain of function mutation of
NLRP3 leads to a group of autoinflammatory disorders known as
cryopyrin - associated periodic syndromes (CAPS), including
neonatal-onset multisystem inflammatory disease, and familial
cold autoinflammatory syndrome and Muckle-Wells syndrome.'™
There have been more than 200 mutations in the NLRP3 gene to
be reported in association with CAPS in the INFEVER database.'"®

Signal Transduction and Targeted Therapy (2025)10:112

These mutations lead to spontaneous inflammasome formation
and IL-1B, IL-18 production together with cell pyroptosis in the
absence of the stress signal. The CAPS patients are characterized
by fever, blood neutrophilia and tissue specific inflammation in
the skin, joints and conjunctiva.'™ And mouse with CAPS
associated NLRP3 variants display systemic, lethal inflammation.'"®

The activation of the NLRP3 inflammasome has been associated
with various inflammatory diseases. In the context of viral
myocarditis, CVB3 infection has been shown to trigger inflamma-
some activation both in vivo and in vitro.""""'® Similarly, in viral
pneumonia caused by SARS-CoV and MERS-CoV infections, the
NLRP3 inflammasome plays a critical role in the hyperinflamma-
tory immune responses.''®'2% Furthermore, in the case of COVID-
19, activation of the NLRP3 inflammasome not only contributes to
severe respiratory complications but also leads to the develop-
ment of neurological syndromes.'?'

THE ROLE OF CELL DEATH AND IMMUNE CELL ACTIVATION IN
cs

Cell death in CS

CS is a pathological state caused by the excessive response of the
immune system and the release of large amounts of cytokines,

SPRINGER NATURE
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Fig. 3 Cell death in cytokine storm. Robust release of cytokines has been suggested to correlate with lung injury and multiple organ failure.
This state can activate a variety of cell death pathways, including but not limited to PANoptosis, necroptosis, apoptosis, and pyroptosis.
Macrophages infected in conditions such as sepsis and HLH can trigger cytokine storm, during which the synergistic stimulation by
inflammatory factors TNF and IFN-y induces PANoptosis in macrophages. Multiple inflammatory cytokines are produced during p-coronavirus
infection, HLH, and sepsis. ZBP1, AIM2, and RIPK1 are common triggers of PANoptosome. Cytokines and caspases, including caspase-8, were
involved in the immunoregulation stage of sepsis. The coronavirus infection triggered caspase-8-dependent apoptosis and lead to lung
damage. SARS-CoV-2-encoded coronavirus products could modulate various key components in the pyroptosis pathways and leading to
cytokine storm syndrome. Abbreviations: HLH hemophagocytic lymphohistiocytosis, NK cell natural killer cell, DC dendritic cell, TNFR tumor
necrosis factor receptor, ISGs interferon-stimulated genes, IFN interferon, FADD Fas-associated death domain, NLR NOD-like receptor, ASC
apoptosis related spot like protein, GSDMD gasdermin D, RIPK receptor interacting protein kinases, MLKL mixed-lineage kinase domain-like
pseudokinase, ZBP1 Z-DNA binding protein 1, AMI2 Absent in Melanoma 2, CASP caspase, BCL-2 B-cell lymphoma-2. The figure was created
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this state can lead to a variety of cell death pathways, including
but not limited to necroptosis, apoptosis, pyroptosis and
PANoptosis. Necroptosis is a type of programmed necrosis
involved in immune response to viral infections, and severe
inflammatory injury.'?* Caspase-8 inhibition was found to be
sufficient to decrease necroptosis and release the anti-
inflammatory cytokine IL-10, which is involved in the immuno-
suppressive stage of sepsis.'*> Apoptosis plays a pivotal role in
pathogen elimination and maintaining homeostasis. The SARS-
CoV-2 infection triggered caspase-8-dependent apoptosis and
lead to the lung damage in the COVID-19 patients.'** Pyroptosis is
a proinflammatory form of programmed cell death, acting as a
host defense mechanism against infections.'?>'2¢ SARS-CoV-2-
encoded coronavirus products act to modulate various key
components in the pyroptosis pathways, including inflamma-
somes, caspases and gasdermins.’

PANoptosis is a distinct innate immune inflammatory regulated
cell death (RCD) pathway that is governed by the PANoptosome
complex, which incorporates elements from other RCD path-
ways."?® The occurrence of PANoptosis is related to many
diseases, such as infectious diseases, cancer, cardiovascular
diseases and autoimmune diseases. Different signals activate
specific sensory proteins, initiating the assembly of distinct
PANoptosome complexes. ZBP1, AIM2, and RIPK1 are common
PANoptosome triggers, which can be activated by different
pathogens or stimuli and trigger a series of biological responses.
These reactions include apoptosis, CS, etc. For example, ZBP1
plays an important role in diseases such as influenza virus
infection and CoV infection during IFN treatment; AIM2 is involved
in the pathological processes of diseases such as herpes virus type
1 infection and bacterial infection. IFN signaling plays multiple
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roles during viral infections.'?® Among the various inflammatory
cytokines produced by innate immune cells in response to SARS-
CoV-2 infection, it has been identified that the co-production of
TNF and IFN-y uniquely triggers PANoptosis.®® During SARS-CoV-2
infection, Karki et al. found that only the combination of TNF and
IFN-y induced a form of inflammatory cell death characterized by
PANoptosis. Treatment with neutralizing antibodies against TNF
and IFN-y protected mice from mortality associated with SARS-
CoV-2 infection, sepsis, HLH, and cytokine shock.®?> A strong
release of cytokines has been proposed to be associated with lung
injury and dysfunction of multiple organs (Fig. 3)."*°

T cells
T cell activation is an important part of inflammatory response and
CS induction. T cells can be classified into two main subtypes:
CD4" T helper cells (Th) and CD8" cytotoxic T lymphocytes
(CTL)."®" While CD4™ T cells are mainly engaged in immune
modulation, CD8" CTLs are direct effector cells of proinflamma-
tory factor production and tissue damage.'*'%3

CD8* CTLs selectively target infected or malignant cells, leading
to their demise through the secretion of pro-inflammatory
cytokines, interaction with the Fas ligand receptor, and release
of cytolytic granules.'*'3° CTL dysfunction could lead to CRS. One
prominent factor is perforin-mediated cytolysis.'*® Perforin is
contained in cytolytic granules released by CTLs. It forms a
channel for cytotoxic mediators to enter the targeted cells and
lead to cytolysis.">” Several gene products are engaged in the
process of granule formation and perforin fusing to targeted cells.
Genetic defects in these genes result in CTL inability to kill the
targeted cells and sustained DAMPs/PAMPs presence.'*® The
prolonged crosstalk between CTLs and antigen-presenting cells
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(APCs) resulted in substantial proinflammatory cytokines produc-
tion, which is the key mechanism of CS in primary and secondary
HLH.138'139

The cell-targeting and cytotoxic capabilities of CD8" T cells
have been extensively studied for potential therapeutic applica-
tions. One notable example is adoptive cell therapy, in which
CD8™" T cells obtained from patients are expanded and activated
ex vivo before being reintroduced into the patient.'*% '
Significant advancements have been achieved in CAR-T therapy,
a treatment modality in which genetically modified CD8" T cells
are reinfused into patients to specifically target and combat
cancer cells.'*

NK cells

NK cells primarily exert anti-viral and anti-tumor responses and
produce pro-inflammatory cytokines.'**'** However, dysfunction
of NK cells lead to inability to eliminate the infected or malignant
cells, lead to sustained immune activation and CS. One mechan-
ism is mediated by perforin deficiency, similar as above described
in CD8™" CTLs."*® Additionally, NK cells exhibit plasticity in cytokine
production based on the surrounding inflammatory environment.
Upon encountering tumor ligands and intracellular pathogens, NK
cells secrete Thl-type cytokines like IFN-y, TNF, and GM-CSF,
which in turn stimulate the activation of T cells, macrophages,
neutrophils, and DCs. Additionally, NK cells release chemokines
such as MIP-1a, MIP-1B3, CCL5, lymphotoxin, and IL-8 to attract
myeloid cells and effector lymphocytes to the inflamed tissues.'*
The cytokines IL-2 and IL-15 play crucial roles in activating NK cells,
with recombinant IL-15 expanding NK cell populations and
promoting tumor regression while reducing metastasis.'*®'4

Macrophages

Overactivation of macrophages directly lead to inflammation
amplification and CS, as represented by the MAS."® Macrophages
are commonly classified into M1 and M2 subtypes based on their
activation patterns and inflammatory capabilities. M1 macro-
phages are primarily activated by T cell response, specifically CD4"
Th1 cells, and exhibit robust antigen-presenting and pro-
inflammatory functions.'*® These cells serve as the primary
effector cells of the immune system for pathogen elimination,
being activated by IFN-y and TNF, and releasing inflammatory
cytokines including IL-13, IL-6, IL-12, IL-15, IL-23, TNF, and MIP-1.
M1 macrophages have the ability to recruit granulocytes, NK cells,
Th cells, and other macrophages to the site of infection through
the secretion of inflammatory chemokines, including the mono-
cyte chemoattractant protein 1 (MCP-1), CXCL10, CCL2, CCL5,
CXCL8, and CXCL9. Additionally, they facilitate the differentiation
of CD4" T cells into Th1 and Th17 cells, which play a crucial role in
eliminating invasive pathogens. These mechanisms collectively
contribute to the potent anti-infective and inflammatory functions
of M1 macrophages.

M2 macrophages, known for their anti-inflammatory properties,
are the predominant macrophage subtype involved inflammation
resolution and tissue fibrotic healing.'**'>' The M2 macrophages
can be further classified into M2a, M2b, M2c and M2d subsets.'*?
The M2a macrophages are most well-studied. They are regulated
by IL-4 and IL-10 and have anti-inflammatory potential. At the
infected or injured sites, the macrophages are motivated by
sensing phosphatidylserine on the surface of apoptotic cells.'*?
And IL-4R and IL-13R on the macrophages are activated by type 2
cytokines IL-4 and IL-13.*? The collaboration of apoptotic cell
sensing and IL-4/IL-13 signaling potentiate macrophages polariz-
ing into M2a phenotype and resolve inflammation.'>* Defects in
IL-4 signaling inhibits the DNA repairing function of macrophage
and renders macrophage into a proinflammatory state, promoting
inflammation expansion and organismal aging.'>®> The M2b
macrophages, also known as regulatory macrophages are
activated by immune complexes and TLR ligands."*® They produce
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both pro- and anti-inflammatory cytokines to exert immune
regulatory function. The M2c macrophages are activated by
glucocorticoids or IL-10 and promote tissue regeneration.'®’'*®
The M2d macrophages, also known as TAMs, are activated by TLR
ligands and A2 adenosine receptor agonists, and promote tumor
progression and metastasis.'>®

Key anti-inflammatory cytokines produced by M2 macrophages
include IL-10 and transforming growth factor 3 (TGF-f), with IL-10
directly inhibiting APCs and interfering with the differentiation of
Th1 and Th17 cells by suppressing IL-12 and IL-23 synthesis.'®°
Excessive polarization of M2 macrophages leads to impaired
pathogen clearance and compromised T cell regulatory function.
This impairment in T cell function subsequently diminishes the
bactericidal capacity of macrophages and the production of
antibodies by B cells. Moreover, the inability to effectively clear
pathogens perpetuates their proliferation and sustains immune
system stimulation, leading to uncontrolled secretion of inflam-
matory factors and ultimately triggering CS.'¢''%3

Neutrophils
Neutrophils are the first responders to sites of injury, infection, and
inflammation through chemotaxis.'®*'®> Upon recognition of
PAMPs or DAMPs, or in response to inflammatory signals,
neutrophils initiate an immune response by recruiting and
activating other leukocytes, as well as signaling the bone marrow
to produce and mature more neutrophils.'®® Neutrophils employ
three main mechanisms to eliminate pathogens: phagocytosis,
NETosis, and degranulation.'®”'®® Phagocytosis involves the
engulfment, internalization, and degradation of pathogens by
neutrophils, while NETosis is the extracellular trapping process of
pathogens. Degranulation is the process by which neutrophils
release various cytokines from their granules, including pro-
inflammatory cytokines such as IL-1q, IL-1B, IL-6, IL-16, IL-18, and
MIF.'%%17% Neutrophils not only release inflammatory mediators
but also play a role in regulating the function of other immune
cells, particularly monocytes/macrophages.'”""'”? For instance, the
interaction between macrophages and neutrophils involves the
secretion of azurocidin by neutrophils, which in turn enhances
phagocytic activity and the release of pro-inflammatory cytokines
such as TNF and IFN-y."”® Neutrophils also release CXCL10 to
promote macrophage proliferation through CXCR3 signaling.'’*
Additionally, neutrophils are eliminated through macrophage-
mediated efferocytosis in the later stages of inflammation.'”>'”®
Neutrophils are essential in the pathogenesis of inflammatory
diseases. In viral myocarditis, early neutrophil ablation resulted in
reduced monocyte influx into the myocardium.'” "'’ Further-
more, inhibiting NETs formation has significantly reduced
inflammation and maintained systolic function in mice with
myocarditis.'®” A significant presence of neutrophils was observed
in the lungs under normal physiological conditions.'”® During the
initial phase of COVID-19, neutrophils become activated and
migrate to the lungs to combat the SARS-CoV-2 virus.'”® Never-
theless, excessive activation of neutrophils is linked to the
development of severe CS in COVID-19 patients.'® Numerous
clinical investigations have demonstrated a correlation between
elevated levels of circulating neutrophils and impaired oxygena-
tion in individuals with COVID-19.'8"182 Additionally, low-density
neutrophils, which are particularly prone to undergoing NETosis,
are closely associated with the formation of microthrombi in
blood vessels and the development of ARDS in COVID-19
patients.'®3

B cells

The primary role of B cells is the production of antibodies, as well
as involvement in antigen delivery and regulation of T cell activity.
In the context of CAR T-cell therapy, a lack of antibody production
by B cells leads to an inability to effectively clear pathogens,
resulting in the repeated triggering of the inflammatory cascade
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by PAMPs and ultimately leading to CS. In addition, the antibodies
generated by B cells against viral antigens may also cross-react
with  autoantigens, potentially leading to autoimmune
responses,'8418°

Mast cells

Mast cells, recognized for their involvement in allergic reactions
and parasitic infections, also play a significant role in inflamma-
tion. Studies have shown that mast cells are the primary source of
TNF release in the myocardium, with cardiac mast cells secreting
elevated levels of pro-inflammatory cytokines such as TNF, IL-13,
and IL-10 during CVB3 infection."®'® The accumulation of mast
cells has been linked to an increase in CCL2-mediated Ly6CM9"
macrophages infiltrating the heart, exacerbating cardiac dysfunc-
tion and fibrosis in cases of viral myocarditis.'®® The early stem cell
factor derived from resident cardiac fibroblasts stimulates mast
cell accumulation and the secretion of pro-inflammatory cyto-
kines. These cytokines, in turn, activate fibroblasts to express TGF-
B, deposit collagen, and produce additional cytokines. Mast cells
collectively contribute to the pathogenesis of viral myocarditis by
exacerbating inflammation and fibrosis.

Eosinophils

Eosinophils are essential for maintaining immune homeostasis
through the synthesis of a variety of toxic granule proteins.'®®
When stimulated, eosinophils release these proteins, which
include major basic proteins, peroxidase, neurotoxin, and cyto-
kines.'®® Eosinophils exhibit anti-infective properties against
parasites, bacteria, and viruses, while also contributing to the
pathogenesis of inflammatory diseases such as myocarditis,
asthma, and hypereosinophilic syndromes. In hypereosinophilic
diseases, the persistent activation of eosinophils results in the
release of granule proteins and chemical mediators, leading to
tissue damage.”®’™"®* Eosinophil proliferation, maturation, and
recruitment are regulated by cytokines such as IL-5, IL-4, and IL-13.
Glucocorticoids have traditionally been utilized for the treatment
of eosinophilic diseases by nonspecifically attenuating eosinophils.
Recently, several novel biologic therapies have been approved for
clinical use to specifically target factors involved in eosinophil
maturation, including IL-5, the IL-5 receptor, or IL-4/IL-13."%*

THE TARGETED ORGAN DAMAGE INVOLVED IN CS

CS often results in multi-organ failure, including heart, lung, and
kidney failure/damage and so on. Though organ dysfunction is
considered secondary damage rather than the underlying
pathophysiology, they reflect the severity of CS and are the direct
cause of death. Understanding how CS impact these organs help
us recognize CS earlier and provide instant treatment.

Vascular endothelium

In CS, the vascular system is primarily affected by increased
vascular permeability and endothelial dysfunction. This phenom-
enon is primarily driven by the excessive release of cytokines such
as IL-1, IL-6, and TNF. These cytokines activate and injure
endothelial cells, leading to increased vascular permeability. As a
result, this process leads to tissue edema and fluid accumula-
tion."'®> Additionally, the overproduction of cytokines may impair
endothelial function, manifested by endothelial cell contraction
and impaired vasodilation, which in turn causes hypotension and
inadequate tissue perfusion.'®® Cytokine-induced vasodilation can
further reduce blood pressure, and in severe cases, may result in
insufficient organ perfusion or even shock. Moreover, cytokines
like IL-6, IL-1B, and TNF can activate the coagulation system,
promoting platelet aggregation and the activation of coagulation
factors, thus elevating the risk of thrombosis.'®” The activation of
the complement system and the formation of NETs can further
exacerbate vascular damage and thrombus formation.'?®
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Activation of the complement system contributes to endothelial
injury and platelet activation, while NETs facilitate platelet

aggregation and coagulation factor activation, promoting
thrombosis.'?%2%°
Heart

Cardiac damage resulting from CRS primarily presents as
fulminant myocarditis with rapid hemodynamic deterioration
and severe arrhythmias. The cytokines induce increased capillary
permeability, resulting in fluid leakage into the myocardial tissue.
Echocardiography, MRI, and endomyocardial biopsy (EMB)
demonstrate significant myocardial edema. Additionally, the
cytokines directly impair cardiac contractility, leading to cardio-
genic shock and potentially multiple organ dysfunction syndrome
due to inadequate tissue perfusion. For instance, the pro-
inflammatory cytokine IL-1 has been shown to exert a negative
inotropic effect, directly reducing myocardial contractility.?®'
Blocking the IL-1 receptor with anakinra has been shown to
effectively improve cardiac contractility and outcomes in patients
with FM.%°%2%* Furthermore, cytokines have been found to inhibit
mitochondrial function, leading to impaired energy production.”®®
This results in the production of excessive reactive oxygen species
(ROS), causing oxidative stress and cell death in the myocar-
dium.2%2%”  Additionally, the release of self-antigens from
damaged cells can exacerbate inflammatory disturbances and
further stimulate cytokine release. Hence, the cardiac contractile
function is significantly diminished due to inadequate energy
provision, tissue edema, and cellular damage.

In addition to contractility impairment, CS also disrupts the
coordination of electrical conduction and synchronization of
cardiac contractions, leading to arrhythmias. Atrial fibrillation,
tachycardia, bradycardia, and refractory ventricular fibrillation are
common arrhythmias observed in patients with CS. In the acute
phase of FM, it is widely acknowledged that CS may induce or
exacerbate arrhythmia through three primary mechanisms.2%%2%°
Firstly, cytokines directly disrupt Ca2* homeostasis, with various
cytokines including TNF, IL-1B, and IL-6 impacting Ca2™ handling
through alterations to ryanodine receptors and the L-type voltage-
gated calcium channel Cav1.2.2'° Given the critical role of Ca2™ in
action potential generation and excitation-contraction coupling,
disturbances in Ca2" signaling are known to promote arrhythmia.
Secondly, cytokines have been shown to cause direct damage to
the plasma membrane of cardiomyocytes by inducing membrane
lysis and reducing cell-to-cell junctions, resulting in electrical
instability and impaired conduction. In murine myocarditis, CVB3
has been found to decrease the expression of connexins in the
myocardium and disrupt gap junction function.?’’ Thirdly, the
infiltration of inflammatory cells and tissue edema have been
observed. Lower potential at focal sites with significant lympho-
cyte infiltration has been demonstrated b¥ electroanatomic
voltage mapping on endomyocardial biopsies.*'? Arrhythmia is a
prevalent clinical presentation of FM and is linked to a poor
prognosis.?'® In addition to FM, the cytokine cascades of various
inflammatory conditions can also lead to cardiac damage. For
instance, CS is closely correlated with cardiac injury and the
development of cardiovascular events in both CAR-T therapy and
COVID-19.2%° Cardiovascular manifestations of CS encompass
myocardial injury, myocarditis, arrhythmias, ischemic heart dis-
ease, and heart failure.”*°’

Lung

Numerous inflammatory cytokines have the potential to target the
lungs, resulting in alveolar collapse, reduced lung compliance,
heightened pulmonary vascular resistance, and disruptions in gas
exchange. Lung injury is a prevalent occurrence in CS, stemming
from various sources including underlying diseases like FM and
respiratory infections, as well as treatment-related complications
such as CAR-T cell therapy-induced inflammation and GVHD

Signal Transduction and Targeted Therapy (2025)10:112



following HSCT. Additionally, pathogens can trigger ARDS by
interacting with receptors on alveolar epithelial cells. The
accumulation of cytokines in the lung parenchyma is influenced
by the abundance of small blood vessels. These cytokines, which
stimulate inflammatory responses, contribute to the structural and
functional impairment of lung tissue?™ This inflammatory
cascade results in hypoxia, diminished sodium pump activity in
alveolar epithelial cells, disturbances in cellular metabolism, and
ultimately exacerbates lung injury. The release of NF-kB further
amplifies the inflammatory response, ultimately leading to the
development of ARDS as lung function deteriorates.?'®

IL-6 is a critical factor in the pathogenesis of lung injury. IL-6 can
induce immune cell accumulation in the lungs, trigger the release
of free radicals and proteases from immune cells, leading to injury
of lung epithelial and capillary endothelial cells. IL-6 also promote
alveolar cell pyroptosis through synergistic interactions with
inflammatory vesicle complexes.?'® Additionally, IL-6 has been
shown to decrease fibronectin production, resulting in weakened
cell-cell connections.?’” As alveolar and vascular epithelial cells
undergo edema and pyroptosis, the permeability of the respira-
tory membrane is heightened. Furthermore, IL-6 plays a role in the
differentiation and maturation of Th 17 cells, which in turn
produce cytokines such as IL-17 and IL-22, thereby promoting the
production of inflammatory cytokines by various cell types
including fibroblasts, DCs, macrophages, and endothelial cells.?'®

Bone marrow

In CS, excessive cytokine release leads to widespread disruption of
bone marrow function. Cytokines can suppress bone marrow
function, leading to decreased production of key blood cells such
as erythrocytes, leukocytes, and platelets.?'¥??° This disruption
can be divided into two main aspects: hematopoietic stem cell
(HSC) dysfunction and impairment of the bone marrow
microenvironment.

Inflammatory cytokines, such as TNF, IFN-y, and IL-6, impair HSC
self-renewal and differentiation, leading to accelerated aging and
depletion of the HSC pool.??'*?? Increased TNF induces IL-27Ra via
the ERK-ETS1 pathway, promoting inflammation and further
compromising HSC function.??® IFN-y also negatively impacts
HSC self-renewal.?®* These persistent inflammatory exposure
results in progressive and irreversible hematopoietic suppression,
manifesting as anemia, leukopenia, and thrombocytopenia.*®
Prolonged cytokine exposure exhausts the HSC pool, leading to
bone marrow failure and heightened infection risk.2'922%

Beyond directly affecting HSCs, cytokine-driven inflammation
disrupts the bone marrow microenvironment,>?” where stromal
cells play a crucial role in supporting hematopoiesis. Increasing
evidence identifies IL-13 as a central mediator of this microenvir-
onmental inflammation, driving hematopoietic aging and altering
the function of the supportive niche.??® Notably, these micro-
environmental impairments are not reverted by systemic rejuve-
nation interventions, underscoring their irreversible nature. This
inflammatory disruption is also evident in pathological conditions
such as aGVHD, where overactivation of T cells and dysregulated
cytokine production cause severe damage to the bone marrow
niche, resulting in significant bone marrow suppression.?2°~23!
Similarly, in HLH, activated macrophages driven by TNF and IFN-y
promote the phagocytosis of hematopoietic cells, further con-
tributing to bone marrow failure.*?

Kidney

Renal damage resulting from CS primarily presents as acute renal
dysfunction or injury leading to renal failure. Patients may exhibit
symptoms including azotemia, oliguria, and anuria.”** The
pathogenesis of this injury may involve immune cell recruitment,
microthrombosis, and dysfunction of other organs. IL-6 plays a
role in promoting the differentiation and maturation of Th17 cells,
which can secrete IL-17 and TNF, working together to decrease
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vascular endothelial nitric oxide (NO) production and increase
vasoconstriction. The regulatory role of IFN-y in the production of
renal localized angiotensinogen leads to overactivation of the
Angll-renin-angiotensin aldosterone system, resulting in increased
aldosterone production, water and sodium reabsorption, and
ultimately hypertension.>**2*® This cascade of events can cause
damage to renal capillary endothelial cells and contribute to the
development of renal atherosclerosis. Additionally, T cells
attracted by cytokine chemotaxis deposit in renal capillaries,
infiltrate the capillary outer membrane and peripheral fat, and
generate ROS, ultimately leading to renal injury and fibrosis.
Severe hypercoagulability can lead to disseminated intravascular
coagulation (DIC), with the formation of renal microthrombi in the
capillary network contributing to the development of renal
microfibrosis, acute tubular necrosis, and impairment of cortical
function.® In advanced stages of CS, decreased cardiac output due
to cardiac insufficiency may result in renal hypoperfusion.?*°
Furthermore, hypoxia from lung injury and hepatorenal syndrome
from hepatic insufficiency can also contribute to renal injury. CS is
closely related to the complement system in kidney injury. CS
related innate immunity dysregulated response is focused on IFN
and complement dysfunction.?*' Renal tubular epithelial cells,
glomerular endothelial cells, and interstitial cells can all synthesize
and secrete complement components and bind to local immune
cells in the kidney and the activated complement receptor on the
endothelial cell membrane. The complement dysfunction is involved
in acute lesions such as glomerulonephritis, acute kidney injury and
acute graft rejection, as well as chronic diseases such as diabetic
nephropathy, nephrotic syndrome and chronic renal fibrosis.>*?

Liver and gastrointestinal tract

Liver damage resulting from CS encompasses hepatomegaly, liver
injury, and potentially fatal liver failure. Patients may exhibit
symptoms including elevated aminotransferases, hyperbilirubine-
mia, hypoalbuminemia, and cholestasis.***> Gastrointestinal tract
damage may manifest as nausea, vomiting, abdominal pain,
diarrhea, ascites, and colitis. The cytokines IL-1, IL-6, TNF, and IFN
are all implicated in contributing to liver damage. IL-6 interacts
with sIL-6R to stimulate the production of acute phase proteins,
including serum amyloid A, C-reactive protein (CRP), and
fibronectin.?** The accumulation of amyloid may contribute to
the development of hepatic amyloidosis, potentially leading to
hepatic failure, as well as impacting renal and gastrointestinal
function, ultimately resulting in multi-organ failure.*** Additionally,
acute-phase proteins and fibronectin have the potential to activate
the complement system and initiate the coagulation cascade,
resulting in a sustained hypercoagulable state within the
circulatory system. The interaction between immune cell infiltra-
tion, the complement system, and procoagulant pathways
contributes to the development of microthrombosis.2**2*” Hepatic
dysfunction disrupts the balance between coagulation and antic-
oagulation, potentially leading to DIC in severe cases. Activation of
inflammatory vesicles triggers the production of IL-18 by IL-1,
leading to hepatocyte pyropoiesis and the activation of other
cytokines in the liver. This positive feed-forward response
exacerbates inflammatory damage, with inflammasomes and IL-1
playing significant roles in hepatocellular injury and liver failure **®
Moreover, the liver contains a high concentration of NK cells,
which, when over-activated, can trigger the STAT1 signaling
pathway in an IFN-y-dependent manner, thereby hindering the
proliferation of hepatocytes and impeding hepatic regeneration.**
Additionally, TNF plays a dual role in liver function, acting through
the NF-kB pathway to prevent cell death and through the ROS-JNK
pathway to induce apoptosis and necrosis in hepatocytes.?>°

Central nervous system

CS in central nervous system (CNS) is a common occurrence and
has been linked to neurologic dysfunction in various conditions
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such as sepsis-associated encephalopathy, cerebral malaria, and
CNS infections.®'%*3 In patients undergoing treatment with
cellular therapies and other immunotherapies for CNS tumors, CS
can contribute to immune effector cell-associated neurotoxicity
syndrome or tumor inflammation-associated neurotoxicity.?>'>*
Elevated levels of cytokines in the cerebrospinal fluid have been
associated with a poorer prognosis.?>>2°® Patients with CNS
involvement of CS may exhibit symptoms such as cerebral edema,
cognitive impairment, dysarthria, headache, hallucinations, apha-
sia, hemiparesis, cranial nerve dysfunction, seizures, and
lethargy.?**2! Brain CS could lead to vascular leakage, comple-
ment activation, and coagulation abnormalities, which would
predispose patients to an increased risk of stroke and ischemic
necrosis of brain tissue.””**® Endothelial injury induced by
elevated levels of IL-6 and TNF results in enhanced blood-brain
barrier permeability, facilitating the entry of various cytokines
from the bloodstream into brain parenchyma.?>®?%° Activation of
microglial cells and astrocytes within the CNS has the potential to
release a diverse array of inflammatory factors, leading to
detrimental effects on neurons and glial cells, ultimately
manifesting as neurological symptoms.?'?%2 The presence of
IFN-y and TNF may further intensify these effects and worsen the
neurological manifestations.”®®> Moreover, viruses are more prone
to infiltrate and directly damage brain tissue. While CAR-T cells
generally do not directly inflict damage on brain tissue, an
exception exists in B-cell maturation antigen (BCMA) associated
CAR-T therapies, which have been specifically linked to Parkinso-
nian phenomena?®* The etiology of immune effector
cell-associated neurotoxicity syndrome (ICANS) remains unclear.

IL-1 and the IL-1 receptors are expressed in the brain. IL-1
expression in the brain is low at baseline. However, under various
pathological conditions IL-1 has been shown to exacerbate
neurodegeneration associated with multisystem inflammatory
disease.”®> The IL-1 receptor antagonist (IL-1Ra, anakinra), with
its §6N65 penetration capacity, exerts protective effects against CNS
CS.

OVERCOMING STRATEGIES OF CS IN DIFFERENT DISEASES
There are numerous etiological factors contributing to CS,
including underlying diseases such as FM, viral pneumonia, severe
infection, and HLH. Additionally, CS can arise as a complication of
certain treatments, such as CAR-T therapy and GVHD following
allo-HSCT. Our research team has accumulated valuable preclinical
data and clinical experience that contribute to efforts in reducing
mortality associated with CS in these conditions.

Fulminant myocarditis
Myocarditis, an inflammatory condition affecting the cardiac
muscle, can be caused by various factors such as infections,
immunotherapy toxicity, and autoimmune diseases, with viral
infection being the predominant etiology.?°®?5"2%8 EM represents
the most severe form of the disease, characterized by rapid clinical
deterioration leading to hemodynamic instability, circulatory
dysfunction, and potentially life-threatening arrhythmias.?%9%¢’
Despite its rarity, FM carries a high mortality rate and significant
morbidity, particularly among younger individuals.?®® In China, an
estimated 30,000 to 50,000 cases of FM are reported annually.?”°
Owing to the nonspecific prodromal symptoms and its
extremely rapid progressive nature, most of our knowledge about
FM was obtained from postmortem examination.””'”? In recent
years, with the help of improved treatment and EMB technique,
deep insight into FM has been obtained.’’>"2’® The detrimental
role of CS in FM has been identified based on evidence from three
aspects. First, multiple inflammatory markers and cytokines
significantly increase in FM, including IL-1, IL-10, soluble suppres-
5|on of tumorigenicity-2 (sST2), TNF, IFN-y, MIP-1a, MIP-2, and so

on3*?7%7281 Second, massive pro-inflammatory immune cells
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infiltrated into the myocardium,?%?82-28 a3ccompanied by multiple

organ dysfunction such as hepatic failure, renal failure, and
respiratory failure.?’? Third, immunomodulatory therapy including
glucocorticoids and intravenous immunoglobulin (IVIG) or cyto-
kine blockade is effective in treating FM.20%204285-288 \Wa have
previously performed a comprehensive profiling of 122 inflam-
matory cytokines in an FM cohort. Significant alterations in 39
cytokines were detected in the FM samples compared to matched
controls, supporting a state of CS.3* Additionally, analysis of EMB
samples revealed substantial infiltration of immune cells in the
degenerative or necrotic myocardium of individuals with FM,
including T cells, macrophages, and eosinophils, despite the
release of cytokines*®>?#92% |n a comprehensive multi-viral PCR
test targeting 178 human viral genomes, including those
associated with SARS-CoV and myocarditis-inducing viruses, no
viral genome was detected in the FM specimens. This finding
underscores the importance of the immune response in the
pathogenesis of FM, rather than direct viral-induced damage to
the heart.*®°

Pathogenesis of CS in FM
Viral infection is identified as the primary etiology of FM.2°'-2%
Innate immunity plays a predominant role in viral FM, with TLRs,
NETs, and inflammasomes being pivotal in signaling pathways,
immune cell activation, and cytokine secretion'%7171294-302
Neutrophils are promptly recruited to the myocardium in acute
myocarditis, serving as one of the initial immune cells to respond
to the condition.'”"3% Carai et al. further demonstrated significant
neutrophil infiltration and the presence of NETs in the hearts of
mice with acute CVB3 myocarditis."”" In our recent investigation of
FM, we observed a distinct developmental trajectory of neutro-
phils upon their migration to the heart, where they continuously
recruited peripheral neutrophils through the Cxcl2/Cxcl3-Cxcr2
axis, leading to acute neutrophil accumulation in the myocardium.
Furthermore, these cardiac-differentiated neutrophils recruited
and activated pro-inflammatory macrophages, exacerbating car-
diac CS. The inhibition of the autoregulatory recruitment
mechanism of neutrophils significantly mitigated FM in mice.?°
The early depletion of neutrophils using anti-Ly6G antibodies
reduced monocyte influx into the heart, inhibit pro-inflammatory
macrophage differentiation, and prevent the upregulation of
chemokines CXCL1 and CXCL2 (analogous to human IL-8),
ultimately leading to improved cardiac necrosis in myocarditis.
Furthermore, blocking NETs through genetic knockout of pepti-
dylarginine deiminase 4 has also been found to alleviate
myocardial inflammation and necrosis in CVB3-infected
mlce 171,304

Macrophages were identified as the predominant infiltrates in
FM, which serve as scavengers, microbicidal effectors, and
regulatory cells in cardiac inflammation.'®'3%3% |nhibition of
cardiac macrophage accumulation or their recruitment of other
inflammatory cells has proven beneficial in the management of
acute myocarditis. CCR2-deficient mice, which lack the ability to
recruit macrophages, exhibit reduced production of pro-
inflammatory IL-1 and IL-4, and increased levels of protective
IFN-y and IL-10. The cardiac function of the mice showed
improvement following resolution of inflammation. IL-8, a
chemokine secreted by macrophages, along with its murine
counterpart MIP. Elevated levels of MIP-2 have been observed in
m-2, exhibits potent chemoattractant properties for neutrophils
and lymphocytes. Elevated levels of MIP-2have been observed in
mice with myocarditis, and deletion of the MIP-2 receptor has
been linked to a reduction in the severity of myocarditis.>*’>%

CD4" T cells undergo activation and differentiation into four
distinct subsets, namely Th1, Th2, Th17, and Tregs, in the context
of viral myocarditis. While Th1 and Th17 cells release cytokines
such as IL-17, IL-21, TNF, and IFN-y, thereby exacerbating the
progression of viral myocarditis, Th2 and Treg cells exhibit a
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Fig.4 Diagnosis and treatment of fulminant myocarditis. Pathogenesis: pathogens, immune checkpoint inhibitor drugs and allergens activate
and recruit immune cells to the myocardium and induce cytokine storm. The cytokine storm threatens cardiac function, causes cardiac
contraction disability and arrhythmia, and even multiple organ failure. The symptoms of patients are nonspecific. Diagnosis: the diagnosis of
FM includes clinical, pathological and etiological diagnosis. When a patient presents with typical medical history and symptoms, with
dramatic progressive circulatory instability or fatal arrhythmia, FM diagnostic procedure should be started. Life support based comprehensive
treatment regimen for FM: if a patient is diagnosed with FM, immediate and comprehensive medical care should be initiated. An important
aspect of this regimen is the idea of life support. When the patient is suffering circulatory instability, respiratory failure, severe acidosis,
mechanical life support such as IABP, ECMO, cardiac pacemaker, ventilation and CRRT should be applied timely. Abbreviations: SBP systolic
blood pressure, IABP intra-aortic balloon pump, ECMO extracorporeal membrane oxygenation, SPO2 oxygen saturation, IVIG intravenous
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protective effect against the disease. Numerous studies have
shown a correlation between the proportion of CD4" Th cells and
the development of viral myocarditis.>**3'° Additionally, CD8"
CTLs play a crucial role in combating viral myocarditis by
selectively targeting and eliminating virus-infected cells.
Eosinophilic myocarditis (EM) represents an important form of
myocarditis, by eosinophilic infiltration and frequently accompa-
nied by eosinophilia.?®® However, in some patients, peripheral
eosinophilia is absent3'" Despite this, some patients may not
exhibit peripheral eosinophilia. EMB is necessary for definitive
diagnosis. EM typically presents as fulminant myocarditis with a
high mortality rate. The etiology of EM remains incompletely
understood, with reported associations with infections, hypersen-
sitivity reactions, immune disorders, and malignancies.?' The final
effectors of myocardial damage primarily consist of eosinophils
and their toxic granules, while the pathogenesis is regulated by
T cells. Double knockout of IL17A and IFN-y results in a Th2-biased
immune state in mice, rendering them susceptible to lethal
eosinophilic myocarditis.'®> Immune checkpoint inhibitors (ICls)
associated with FM have emerged as a significant ICl-associated
toxicity.”®> ICls are monoclonal antibodies that target regulatory
pathways on T-cells, such as PD-1, enhancing the cytotoxic
capacity of T-cells against malignant cells and potentially saving
lives. However, immune dysregulation induced by these agents
can result in inflammation and dysfunction of multiple organs. FM
is a serious adverse effect of ICl therapy. The pathogenesis of ICI-
associated myocarditis is not as well elucidated as that of viral
myocarditis. Current research suggests that T cell-mediated
immunity plays a crucial role in the development of this
condition.3'3'® EMB analysis has shown lymphocytic infiltration
in the hearts of patients with ICI myocarditis, supporting the
involvement of T cell immunity. Both human and animal studies
have observed a pronounced lymphocytic infiltration of CD8"
T cells compared to CD4" T cells in the hearts of patients with ICI-
associated myocarditis.3'#3'6319 A recent study has demonstrated
a significant increase of CD8" cytotoxic effector cells in the
peripheral blood of patients with ICI myocarditis, mirroring the rise
of effector cytotoxic CD8" T cells in the blood and hearts of PD-1
deficient mice with myocarditis.>'* These proliferative effector
CD8" T cells exhibit distinct transcriptional characteristics,
including the upregulation of myocardial-tropic chemokines
CCL5, CCL4, and CCLA4L2. A previous investigation demonstrated
an increase in the expression of CCL3, CCL4, and CCL5, as well as
their corresponding chemokine receptors, in the cardiac tissue of
mice with autoimmune myocarditis, suggesting a potential
pathway for T cell infiltration into the myocardium.?'’
Vasospastic angina (VSA) is now being acknowledged as a
distinct manifestation of myocardial inflammation, presenting as
episodes of angina at rest that are alleviated by short-acting
nitrates and caused by coronary artery vasospasm. The spectrum
of symptoms associated with VSA ranges from asymptomatic
cases and angina episodes to severe cardiovascular events,
including myocardial infarction, arrhythmias, and cardiac
arrest.32%32' An autopsy study has revealed the presence of
inflammatory cell infiltration, particularly mast cells and eosino-
phils, in the myocardium of VSA patients.3** Recent research has
shown a marked increase in inflammatory cytokines and
chemokines in both the plasma and myocardium of VSA patients,
indicative of a state of myocarditis.>**> The levels of IL-6, IL-12p70,
IL-15, IL-13, IL-10, PD-L1, MIP-1a, and MIP-1B were found to be
elevated in patients with VSA compared to both normal
participants and patients with acute myocardial infarction. Our
observations revealed the occurrence of coronary spasm induced
by mild myocarditis and FM, as indicated by EMB demonstrating
inflammatory cell infiltration and coronary angiography showing
the disappearance of coronary stenosis upon administration of
nitrate esters. Furthermore, patients with myocarditis-induced VSA
showed positive responses to glucocorticoid therapy, suggesting a
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significant role of corticosteroids and inflammation dysregulation
in VSA3?

Rescuing and treatment strategies in FM

FM is life threatening. However, patients who successfully
navigate this critical period and experience complete recovery
of cardiac function within 1 month typically have a favorable long-
term prognosis.>’> Therefore, managing the acute phase that is
overwhelmed by CS poses the greatest challenge in the treatment
of FM. Accordingly, we have conducted a multicenter study and
established a regimen termed “life support based comprehensive
treatment regimen”, which is an integrated therapy of (i)
mechanical life support, (i) immunomodulation treatment, and
(i) antiviral therapy.”’*** The fundamental principle of the
treatment regimen involves immune modulation, control of CS,
and provision of life support for compromised hemodynamics
through the use of MCS devices such as intra-aortic balloon pump
(IABP) and extracorporeal membrane oxygenation (ECMO), as well
as other life support equipment including ventilators and
hemodialyzers (Fig. 4). Mechanical life support aids in circulatory
and respiratory function, thereby reducing cardiac workload. The
immediate implementation of IABP offers effective circulatory
support for patients with FM, resulting in a decrease in in-hospital
mortality rates.>?* Typically, IABP administration elevates systolic
blood pressure by more than 20 mmHg and concurrently reduces
heart rate by 20-30 beats per minute. If the use of IABP proves
ineffective in maintaining circulatory stability, the recommenda-
tion is to utilize ECMO. ECMO serves as an alternative method for
supporting systemic blood perfusion, while mitigating the
potential cardiotoxic effects associated with inotropes and
vasopressors. The utilization of ECMO has been instrumental in
saving numerous lives during the COVID-19 pandemic.>*®> Never-
theless, there were reports that ECMO application might also
induce CS.3?® Whether this inflammatory response is deleterious
or potentially beneficial remains unclear.?® Therefore, it is
important to keep in mind this possible complication and provide
necessary treatments.

In addition to its mechanical support capabilities, MCS aids in
reducing myocardial inflammation, restoring normal metabolic
function, and modulating cardiac remodeling, all of which are
crucial for the restoration of cardiac structure and function.>?’
Mechanical respiratory support also plays a significant role in the
treatment of FM. In addition to correcting hypoxemia, the
treatment also addresses adult ARDS and reduces cardiac work-
load. Additional support, such as temporary cardiac pacemaker
and continuous renal replacement therapy, may be required as
needed. Mechanical life support offers a period of recovery for
patients with FM by alleviating organ workload, highlighting the
importance of managing cardiogenic shock promptly to prevent
further tissue damage, organ failure, or mortality.

Immediate and sufficient application of glucocorticoids (gen-
erally 200-400 mg methylprednisolone per day for a few days)
and IVIG (20g per day for 3-5 days) is recommended for
immunomodulation in FM. Glucocorticoids serve as potent
modulators of inflammation by inhibiting the production of
inflammatory mediators during the acute phase of the inflamma-
tory response and dampening downstream signaling pathways.>?®
Specifically, glucocorticoids impede transcription factors down-
stream of TLR signaling and induce the expression of genes
encoding inhibitors of TLR signaling.>*° Glucocorticoids have been
found to alter the mitochondrial metabolism of macrophages,
leading to an increase in the production of the metabolite
itaconate. Itaconate has been shown to possess anti-inflammatory,
antiviral, and antibiotic properties.??#33%33" Despite initial con-
cerns regarding the potential for glucocorticoids to promote viral
replication, studies have demonstrated that glucocorticoid admin-
istration can reduce mortality in viral FM mice and decrease tissue
virus titers.3?*332 Human data demonstrate the potential
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therapeutic benefits of glucocorticoids in patients with lympho-
cytic myocarditis confirmed by EMB, regardless of viral status.>**
Additionally, our recent research has shown that glucocorticoids
exhibit antiviral effects by enhancing the production of IFN-y
through the increase of EETs.33*33% Clinical studies further support
the efficacy of glucocorticoids in managing CS and promoting
myocardial function recovery. 288324

In the pediatric population, IVIG was initially employed for the
treatment of acute myocarditis.3*® Its therapeutic mechanism
involves neutralizing pro-inflammatory cytokines, regulating
immune response, and promoting M2 polarization of macro-
phages through the IVIG Fc fragment. Additionally, IVIG
suppresses DC antigen priming and improves outcomes in FM
rats.”®® High-dose IVIG has also been shown to enhance left
ventricular ejection fraction in FM patients.>*” A multicenter study
demonstrated that administering high-dose IVIG (1-2g/kg for
several days) to patients with acute myocarditis was associated
with improved clinical outcomes, including reductions in inflam-
matory cytokines, improvements in cardiac systolic function, and
decreased mortality rates.>®

Contrary to this, it is not advisable to use pure immunosup-
pressive or cytotoxic agents that target lymphocytes, such as
azathioprine and cyclosporine, for the treatment of FM. Our
research in a mouse model of FM demonstrated that the
administration of cyclosporine did not improve the survival rate
of mice with myocarditis. Additionally, the Myocarditis Treatment
Trial confirmed that cytotoxic drugs did not improve survival rates
in FM patients.>3°

Another concept of the “life support-based comprehensive
treatment regimen” is antiviral therapy. In our research, oseltami-
vir was employed as the antiviral agent and significantly enhanced
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the therapeutic outcomes for patients with FM, regardless of viral
status.>* The efficacy of oseltamivir in treating FM is attributed in
part to its antiviral activity against influenza A and B viruses, as
well as its function as a neuraminidase inhibitor. Myocarditis
caused by various causes results in the release of neuraminidase
from damaged myocardial tissue, leading to an elevation in
plasma levels of N-acetylneuraminic acid and exacerbating cardiac
injury.*® Oseltamivir serves to protect both the heart and the
body as a whole from enzymatic damage caused by neuramini-
dase. This phenomenon elucidates the therapeutic efficacy of
oseltamivir in patients with viral-negative FM. Given that viral
infection is considered a primary trigger for FM among numerous
potential causes, targeted antiviral medications may be utilized
upon pathogen detection.

Viral pneumonia related ARDS

Pathogenesis of CS in viral pneumonia related ARDS. ARDS is a
severe medical condition characterized by rapid onset of lung
inflammation and injury, leading to impaired oxygenation.3*'
ARDS can be classified into extrapulmonary and intrapulmonary
subtypes, depending on the underlying cause of injury. Extra-
pulmonary ARDS is typically associated with systemic conditions
such as sepsis or trauma that indirectly affect the lungs, whereas
intrapulmonary ARDS is caused by direct lung insults like
pneumonia or aspiration.>*> ARDS is often complicated by the
development of CS, with certain viral pneumonias known to
trigger these immune responses and worsen the severity of
ARDS3** The coronavirus diseases, particularly COVID-19 and
SARS, are known for their capacity to elicit an exaggerated
immune response.>***** Similarly, influenza viruses such as HIN1
and H5N1 strains, which have caused pandemics, also provoke
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Fig. 5 Viral pneumonia-related cytokine storm. Infection and invasion of viruses trigger local immunity, while the activation of inflammation
in infected macrophages and immune cells releases proinflammatory cytokines and interleukins, leading to the cytokine release syndrome in
severe viral pneumonia. Abbreviation: TLR Toll-like receptor, JAK Janus kinase, STAT signal transducer and activator of transcription, SARS-CoV
severe acute respiratory syndrome-coronavirus, IL interleukin, IFN-y interferon y, MERS-CoV Middle East Respiratory Syndrome Coronavirus,
TNF tumor necrosis factor, G-CSF granulocyte colony-stimulating factor. The figure was created with the assistance of FIGDRAW
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The deterioration of SARS-CoV infection might result from the combination
of direct viral damage and immunopathology caused by CS.>%”

Mechanism of CS

IL-1B, IL-6, IL-8, IL-12, IL-10,

Cytokines
MCP-1, IFN-y

T cells, respiratory epithelial cells

Main effector cells

Viral pneumonia

SARS

CS in viral pneumonia

Table 3.
Virus type
SARS-CoV-1

MERS-CoV infections of T cells cause programmed cell death, through both

internal and external programmed cell death mechanisms, and might
promote viral transmission and intense immunopathogenesis.3>#%¢

Respiratory epithelial cells, Tregs, CD4" T IL-2, IL-4, IL-6, IL-7, IL-10, G-CSF, The IFN-I characteristics of severe COVID-19 patients were significantly

cell, CD8" T cell, eosinophils

IL-15, IL-17, IFN-y, TNF

Epithelial cells, DCs, activated T-cells,

monocyte/macrophage

MERS

MERS-CoV

CovID-19

SARS-CoV-2

impaired. These immune mechanisms may lead to cell death, excessive

inflammation, and CS.”%°

IP-10, MCP-1, MIP-1q, IFN-y,

TNF

Epithelial cells, endothelial cells, alveolar IFN-a, IFN-B, TNF, IL-1p, IL-18,

macrophage, and adaptive immune cells IL-6, IL-17

The excessive production of pro-inflammatory cytokines leads to positive
pro-inflammatory reactions and insufficient control of anti-inflammatory

reactions causes CS.>%°

Influenza viral
pneumonia

HTN1, H3N2, H5N1,
H1N1, H3N2 and

H7N9

SARS-CoV severe acute respiratory syndrome -coronavirus, IL interleukin, MCP-1 human macrophage chemoattractant protein-1, IFN-y Interferon y, MERS-CoV Middle East Respiratory Syndrome Coronavirus, TNF

tumor necrosis factor, G-CSF granulocyte colony-stimulating factor, IP-10 Human interferon-inducible protein 10, MIP-1a macrophage inflammatory protein-1a
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similar reactions.>*¢™3*® Therefore, it is crucial to address these
responses in order to mitigate the severe outcomes of ARDS in
viral-induced pneumonias. Coronaviruses are classified into four
categories: a, 3, y, and §, with the pandemic strains COVID-19,
MERS, and SARS belonging to the B type. Coronavirus pneumonia
has been shown to result in varying degrees of severe pneumonia
and even ARDS.3%°7>2 Autopsy reports of deceased COVID-19
patients have confirmed the presence of an overactive immune
response and elevated levels of cytokines, suggesting the
occurrence of a CS similar to that seen in SARS and MERS.>*373%°
CS is an immune response triggered by the virus (Fig. 5).3°° The
synergistic effects of multiple cytokines result in continuous
reinforcement and amplification, ultimately leading to self-
directed attacks on the body, resulting in significant tissue and
cellular damage that can potentially result in multiple organ
dysfunction syndrome.' Consequently, the viral load in the
advanced stages of ARDS is just one of several crucial factors
influencing the disease progression, with immune activation
induced by CS exacerbating systemic organ damage. The timely
intervention to inhibit CS is pivotal in preventing the escalation of
the disease from a mild or moderate state to a severe one.

The overproduction of cytokines in pneumonia can result in
significant pathological alterations, as outlined in Table 3. In
pneumonia-associated CS, the JAK signaling pathway plays a
crucial role in transmitting intracellular signals downstream.
Various cytokine receptors are linked to specific JAKs, suggesting
the potential for targeted inhibition of specific JAK functions while
preserving the normal functioning of other JAK pathways. The IL-
2/IL-2R/JAK (JAK1 and JAK3)/STAT5 signaling pathway is essential
for the proliferation and differentiation of NK cells, CD8" T
lymphocytes, CD41 T lymphocytes, and other immune cells. IFN-y
exhibits a similar role to that observed in aGVHD and CAR T cell
therapy-induced CRS.>*’

CS is a prominent contributor to the mortality associated with
severe cases of influenza®*® Influenza virus infections are well-
known for their propensity to induce lung injury-related fatalities,
particularly during pandemics, when mortality rates can significantly
rise. 3> While the prognosis of influenza virus infection is influenced
by viral load, the host’s inflammatory response to the virus is closely
linked to the development of influenza-induced lung injury.36%*¢
The influenza virus first invades the upper respiratory system by
entering epithelial cells through endocytosis. As the infection
progresses, it can result in lower respiratory tract infection.>%? The
virus specifically targets epithelial cells, endothelial cells, and alveolar
macrophages, inducing an initial release of cytokines essential for
virus elimination. This early cytokine response is designed to aid in
viral clearance, followed by activation of the adaptive immune
system, leading to a secondary cytokine response. The exaggerated
immune response, known as CS, plays a crucial role in the increased
mortality rates seen in cases of influenza virus infections, particularly
during severe outbreaks.>®> This immune overreaction can lead to
significant immunological harm, resulting in severe health complica-
tions and worsening the overall disease prognosis.>** In severe
cases, the CS can induce ARDS2* The characteristic alveolar
changes observed in influenza virus pneumonia, resulting from
the CS, include capillary thrombosis, localized necrosis, congestion
of the alveolar walls, infiltration by inflammatory cells, development
of hyaline membranes, and onset of pulmonary edema. These
alterations collectively demonstrate the profound immunopatholo-
gical effects on the lungs.%> Severe epidemic pneumonia may result
in small vessel thrombosis, bleeding, and diffuse alveolar injury,
indicating coagulation dysfunction.>®® The presence of coagulo-
pathy has been shown to augment the immune response through
the induction of CS, as evidenced by the activation of lung
endothelial cells, diffuse intravascular coagulation, vascular leakage,
and pulmonary microembolism 3%’ Additionally, a severe CS can
result in the development of multiple organ dysfunction syndrome,
systemic inflammation, and potential mortality.3¢®
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Cytokines are essential for mediating intercellular communica-
tion within the immune system and are crucial for orchestrating
an efficient defense against infectious pathogens.>*=”" Viral RNA
has the capability to induce the release of IL-13 and IL-18 by
activating inflammasomes through MAVS and NLR.3’%3”3 During
the adaptive immune response phase, various subsets of T cells
and type 2 innate lymphoid cells are activated and modulated.
These immune reactions collectively contribute to the elimination
of the virus. However, an excessive immune response may result
in the overproduction of proinflammatory cytokines, leading to
the development of an uncontrolled CS, systemic inflammation,
organ dysfunction, and potentially fatal outcomes.>”*37>

Excessive IL-1B has been shown to exacerbate disease and lead
to severe outcomes in individuals infected with HIN1, H3N2, and
H7NO9 viruses. Treatment with targeted anti-IL-13 antibody therapy
has demonstrated efficacy in reducing lung inflammation and
improving survival rates in both early and late stages of HIN1 or
H3N2 infection.>”® In the context of H7N9 virus infection, NLRP3”
and caspase-17" mice exhibited higher survival rates compared to
wild-type mice. This was attributed to lower levels of IL-1(3 in
NLRP3™" and caspase-17~ mice, as the absence of caspase-1 during
H7N9 infection resulted in reduced recruitment of pro-
inflammatory cells to the lungs. Apoptosis related spot like
protein knockout (ASC”) and IL-1R1”" mice demonstrated
reduced lung inflammation and increased survival rates following
H7N9 infection.’” In the context of the CS induced by influenza
virus, IL-1B, and IL-18 play a regulatory role in the production of
TNF and IL-63"® H3N2 infection leads to elevated sIL-6R
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expression, and the expression of IL-6 during influenza virus
infection is dependent on sIL-6R>7° IL-17 production by influenza
virus-activated y& T cells can exacerbate the inflammatory
response during viral infection.*®*%' Hypercytokinemia induced
by Th-17 was identified as an initial host response in severe cases
of HIN1 infection in 2009.232*%% Following infection with the
influenza virus in mice lacking IL-17RA, a reduction in neutrophil
cell migration, mild inflammation, preserved lung parenchyma,
and decreased morbidity and mortality were observed.3®*

Prevention and treatment of CS in viral pneumonia
related ARDS. The treatment strategy for viral pneumonia is
integrated (Fig. 6). The effects of glucocorticoids have been
extensively researched in SARS and MERS. Glucocorticoids are
used to suppress CS symptoms and to improve ARDS.>3> However,
a review by Russel et al. found that corticosteroid treatment did
not lead to improved 90-day mortality rates in patients. The
immune system shows obvious heterogeneity between indivi-
duals, and gene expression in immune cells also varies
significantly between individuals. These variations lead to great
differences in individual susceptibility to immune-related dis-
eases.*®® It was found that after being infected with SARS-CoV-2,
the early response of immune cells related to monocytes and
interferon varied among different populations (such as those from
Central Africa, Western Europe, and East Asia). Influenced by
environmental, genetic, and evolutionary selection pressures,
these populations produced different immune responses, which,
to a certain extent, can explain the genetic and immunological
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mechanisms underlying the different susceptibilities of various
races to SARS-CoV-2.3%" Sex susceptibility to CS has also been
reported, and this difference mainly stems from the regulatory
effect of hormones on the immune system. The testosterone
levels and estrogen levels affect the balance between two key
immune signaling systems: antiviral IFN-1 and pro-inflammatory
signaling such as TNF. Monocytes have an increased testosterone
pro-inflammatory response, explaining the more frequent CS in
severely infected men. 3%

There are more benefits from the use of glucocorticoids in
COVID-19 viral pneumonia patients with chronic obstructive
pulmonary disease or asthma.*®*° Dexamethasone has extensive
immunosuppressive effects, which can improve the survival rate
of COVID-19 patients by inhibiting the in vitro cytokine expression
in peripheral blood mononuclear cell induced by SARS-CoV-2.3%
In another clinical trial that involving hospitalized patients,
dexamethasone reduced the 28-day mortality in COVID-19
patients with invasive mechanical ventilation or oxygen alone.**!
Overall, the dexamethasone-based combination therapy has
achieved better therapeutic results in COVID-19°9%3* |L-6 and
CD8" T cell counts serve as dependable prognostic markers for
evaluating patient risk and predicting mortality in cases of COVID-
19.3%* Tocilizumab, a recombinant human IL-6 monoclonal anti-
body, effectively inhibits IL-6 signaling and modulates inflamma-
tory reactions. The administration of tocilizumab, an IL-6 receptor
blocker, has demonstrated positive outcomes for critically il
COVID-19 patients necessitating organ support in intensive care
units.3*>3% Treatment with the IL-6 receptor antagonist tocilizu-
mab in critically ill patients with COVID-19 can improve out-
comes.>® However, research reported that tocilizumab in the
absence of mechanical ventilation can reduce the incidence of
composite outcomes of progression to mechanical ventilation or
death but didnt improve survival>®” Other research found
tocilizumab and systemic corticosteroids improved survival and
other clinical outcomes of hospitalized COVID-19 patients.3*® The
JAK 2 inhibitor fedratinib was proposed to inhibit the Th17
cytokine.?*? JAK2 mediates IL-6 and IL-23 signaling in Th17 cells
through STAT3. The JAK1 and tyrosine kinase 2 receptors act
through STAT1 and STAT2, which are important for the function of
activiral immunity. Fedratinib is currently approved by the FDA for
myeloproliferative tumors utilizing the JAK2 pathway. During the
2009 H1N1 virus pandemic, a prospective cohort study explored
the effect of convalescent plasma therapy in patients with HIN1
pneumonia. The results showed that cellular factors such as viral
load, IL-6, IL-10 and TNF significantly decreased in the treatment
group, and no adverse events were recorded with plasma
therapy,*® but in COVID-19 patients, high-titers convalescent
plasma did not improve survival.*°"’

SIRS

Pathogenesis and mechanism of CS in SIRS.  Since 1991, sepsis has
been commonly characterized as a systemic inflammatory
response to microbial infection, as defined by the presence of at
least two manifestations of tachypnea, tachycardia, fever or
hypothermia, leukocytosis or leukopenia, and neutropenia.*®? This
definition underscores the role of the body's exaggerated
inflammatory response in the pathogenesis of sepsis. However,
it is important to note that the clinical manifestations of SIRS may
not accurately capture the complexity of sepsis in critically ill
patients. The redefinition of sepsis 3.0 in 2016 emphasizes that
sepsis is characterized by life-threatening organ dysfunction
resulting from a dysregulated host response to infection.**® This
updated definition underscores the significance of immune
imbalance following infection as the primary driver of sepsis,
leading to severe organ damage and potential mortality. While the
traditional reliance on clinical manifestations of SIRS for diagnosis
has been discarded, the central roles of CS and immune
dysregulation in the pathogenesis of sepsis remain paramount.
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It is widely accepted that Gram-negative bacteria endotoxin
lipopolysaccharide (LPS) triggers mononuclear/macrophage domi-
nated immune cells to release significant quantities of TNF
through recognition of PAMPs or DAMPs. The traditional
progression of sepsis involves a cascade of inflammatory
mediators that lead to an uncontrolled inflammatory response,
immune dysfunction, elevated metabolic activity, and damage to
multiple organ functions.*®* This process is initiated by TNF, which
activates inflammatory responses through its downstream recep-
tor TNFR1 and collaborates with other inflammatory factors such
as IL-6 to rapidly amplify the cascade effects through the
automatic amplification of inflammatory mediators, ultimately
inducing SIRS.*® In the presence of inflammation, IL-6 induces an
upregulation of C5a receptor on endothelial cells, thereby
augmenting their sensitivity to C5a and subsequently increasing
vascular permeability.*°® Furthermore, IL-6 has been demon-
strated to induce myocardial dysfunction. Consequently, the
diverse effects of IL-6 contribute to the development of tissue
hypoxia, hypotension, myocardial dysfunction, DIC, and multi-
organ dysfunction, all of which are hallmark features of SIRS and
septic shock.?'® The CS resulting from the significant release of IL-
1 and TNF has the potential to induce myocardial suppression,
vasodilation, tissue injury, and mortality through the upregulation
of nitric oxide synthesis, myocardial cell contraction, facilitation of
immune cell adhesion and activation, and initiation of exogenous
coagulation pathways.*®’

Prevention, rescue, and treatment strategies of CS in SIRS. It is
imperative to prioritize the identification of high-risk populations
for SIRS in order to effectively prevent and treat the condition.**®
Particularly, elderly individuals, those who are malnourished, who
have underlying diseases, or who are immunocompromised
should undergo prompt assessment to determine the site of
infection and potential pathogens. Additionally, for patients with
severe infections, timely screening for cytokines s
recommended.**®

Infection control primarily involves identifying pathogenic
microorganisms, administering anti-infective therapy, and elim-
inating sources of infection. Current rapid detection techniques
encompass streptococcus pneumoniae urine antigen detection
and various platforms for bacterial detection, such as the G test
and GM test*'%*'" Additionally, fungal detection methods,
including antigen and nucleic acid testing, as well as Realtime
PCR testing, are utilized for fungus detection. The advancement of
second-generation sequencing technology has progressed sig-
nificantly, enabling its widespread application in clinical settings
for the detection of numerous pathogens and reducing the
likelihood of false negatives. This technology has emerged as a
valuable tool for pathogen diagnosis. It is imperative that
antimicrobial treatment be promptly initiated, ideally within 1h
of diagnosis, with antibiotics administered within 4 h. Further-
more, it is advisable to collect pathogen specimens prior to the
initiation of antibiotic therapy. In cases of SIRS with identifiable
etiology, antibiotic therapy alone may be challenging, and
achieving efficacious outcomes may be difficult, necessitating
the integration of prompt interventions alongside localized
treatment of the infectious focus. Mitigating CS represents a
critical strategy in the prevention and interception of sepsis.
Screening for cytokine levels should be conducted in suspected
sepsis patients exhibiting signs of CS to ascertain the extent of
SIRS. Contemporary investigations indicate the involvement of
numerous cytokines in the CS associated with sepsis. The primary
factors implicated in SIRS and CARS encompass various cytokines
such as TNF, IL-1, IL-6, IL-12, MIF, sCD74, HMGB-1, as well as anti-
inflammatory cytokines including IL-4, IL-10, IL-35, IL-37, TGF-B,
and IL-13. Evidence suggests that the management of inflamma-
tion should commence when levels of pro-inflammatory factors
are significantly elevated or when there is a dysregulation in the
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Fig.7 Mechanisms and clinical manifestation of HLH-associated CRS. Upon recognition of a target cell, cytolytic T/NK cells polarize preformed,
perforin-containing lytic vesicles toward the immunologic synapse, facilitating perforin release to form pores and deliver cytotoxic proteins
into the target cell. In primary HLH (pHLH), genetic mutations affecting perforin-mediated cytolysis impair the lytic pathway, resulting in
prolonged interactions between cytolytic T/NK cells and target cells. This extended engagement increases the production of inflammatory
cytokines (e.g., IFN-y), leading to hyperactivation of APCs and subsequent hypercytokinemia. In secondary HLH (sHLH), APCs are activated by
PAMPs or DAMPs from malignancies and viruses, causing multi-organ dysfunction, including damage to the vascular endothelium, central
nervous system, spleen, liver, and bone marrow. Abbreviation: HLH hemophagocytic lymphohistiocytosis, APCs antigen-presenting cells,
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inflammatory response. Therefore, for patients at high risk of
sepsis infection, regular monitoring of cytokine levels is recom-
mended to promptly identify individuals suspected of developing
sepsis. Tregs are essential for maintaining immune tolerance. This
process involves the inhibition of T cell activation and proliferation
within the body, the production of anti-inflammatory factors like
IL-10 and TGF-B, and the promotion of Treg cell proliferation
through the activation of the TNFR2 receptor.*'? These mechan-
isms collectively contribute to the maintenance of immune
homeostasis, the eradication of pathogens, and the prevention
of immune overload.*’>#'* Current research on specific antibodies
targeting inflammatory mediators, such as TNF, IL-1, and anti-
endotoxin LPS antibodies, has shown promise in alleviating sepsis
by inhibiting pro-inflammatory cytokines.*'®

In cases where infected patients exhibit a marked elevation in
cytokine levels or an imbalance in inflammation, prompt
intervention to regulate inflammation is recommended in order
to restore a stable and harmonized inflammatory response within
the body. The early administration of glucocorticoids has been
shown to effectively suppress the secretion and release of
inflammatory cytokines in patients with sepsis. Nevertheless, the
challenge remains in accurately determining the appropriate
timing for the initiation of glucocorticoid therapy in the absence
of reliable methods for detecting SIRS. Furthermore, ustestatin, a
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non-steroidal anti-inflammatory drug, has been shown to impede
the release of lysosomal enzymes, suppress the production of
myocardial inhibitory factor, eliminate oxygen free radicals, and
inhibit cytokine release. During the initial phases of cytokine
elevation, the administration of low-dose ustestatin may exert a
modulatory influence on cytokines. However, in the event of
cytokine  dysregulation, the equilibrium between pro-
inflammatory cells and anti-inflammatory cytokines is disrupted,
resulting in impaired organ function. The administration of high
doses of ustestatin has been shown to effectively inhibit the
progression of sepsis-related indicators in patients.

HLH

Pathogenesis of HLH. HLH is a rare and potentially life-
threatening hyperinflammatory response syndrome characterized
by dysregulated activation of cytotoxic T-lymphocytes, NK-cells,
and macrophages resulting in a cascade of hypercytokinemia and
immune-mediated harm to various organ systems (Fig. 7).*'¢™%'°
Depending on the underlying cause, HLH is classified into primary
and secondary forms. Primary HLH typically presents with a
familial history of the disorder and/or genetic abnormalities, and
predominantly manifests in childhood.*?° Primary HLH (pHLH) is
associated with abnormalities in genes such as PRF1, Unc13D,
Syntaxin-11, STXBP2, and UNC18B, while SH2D1A/SAP and BIRC4
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also contribute to the development of pHLH. These genes affect
processes such as perforin-dependent granzyme exocytosis,
transport, and loading in CTLs and NK cells.**' Therefore, the
pathogenesis of primary HLH is characterized by hyper-immune
activation, resulting from the diminished or absent function of NK
cells and cytotoxic lymphocytes. Various immune cells remain
persistently activated, continuously secreting cytokines and
chemokines such as IFN-y, TNF, IL-1B, IL-2, IL-6, IL-12, IL-16, and
IL-18, leading to a severe CS.**? Mouse models with perforin
deficiencies have confirmed that elevated IFN-y secretion by CD8"
T cells plays a crucial role in the disease’s pathogenesis.*?*
Syntaxin-11 deficient mouse models indicate that T cell exhaus-
tion is a critical factor in determining the severity of HLH
disease.*>*

Recent research advancements indicate that there are about 30
genes linked to HLH, with the primary subtypes being the familial
HLH (FHL) family class, the immunodeficiency syndrome class, and
the EBV-driven class (Table 4). Furthermore, HLH has transitioned
from being solely a recessive genetic disorder to one that can
manifest through both recessive and dominant inheritance
patterns. Additionally, individuals infected with EBV may exhibit
an inherent immunodeficiency that not only predisposes them to
HLH but also increases their risk for developing EBV-associated
lymphoma.**® Age has traditionally served as a distinguishing
factor between primary and secondary HLH. Nevertheless, the
growing number of hereditary cases identified in adolescents and
adults contradicts this assumption. The correlation between
genetic mutations and adult HLH patients is currently being
investigated both domestically and internationally, with no
established theory to elucidate the development of primary HLH
in adulthood. Some researchers suggest that the delayed onset of
primary HLH in adults may be linked to the specific location of the
gene mutation, the manner in which the mutation occurs, and the
presence or absence of a triggering factor.*?***° For instance,
missense mutations and shear site mutations may manifest at an
advanced age, while complex heterozygous mutations typically
exhibit a later onset compared to pure heterozygous muta-
tions.*2743% Additionally, specific sub equivalent loci typically
remain quiescent but can be activated by external stimuli, such as
an infection, leading to their development.*?®

Secondary or acquired HLH (sHLH) is characterized by muta-
tions that are triggered by external factors such as infections,
malignant tumors, rheumatologic disorders, allo-HSCT, drug
hypersensitivity reactions, or other underlying causes. The precise
pathogenesis remains unclear, but it may involve persistent TLR
activation resulting from infection or autoimmune triggers.**'~*33
EBV is the most commonly associated infectious agent with
HLH.**%*37 Chronic active EBV infection (CAEBV) is particularly
prevalent in East Asia. A previous study has demonstrated a
significant association between CAEBV and HLA-A26, a genetic
marker frequently observed in individuals of East Asian des-
cent.**”*38 |n China, EBV was identified as the primary etiology in
44.01% of 1445 cases across 31 regions, making it the most
prevalent cause of HLH.**? HLH triggered by EBV infection is more
prevalent in children and adolescents with mutations in genes
linked to familial HLH and primary immune disorders, such as
X-linked lymphoproliferative syndromes types 1 and 2.**° In
adults, EBV-associated HLH is predominantly induced by immu-
nosuppression leading to reactivation of the virus. CAEBV was
previously believed to induce lymphocyte cytotoxicity, such as
HLH, through systemic inflammation and clonal proliferation of
EBV-infected T or NK cells.**” However, a recent study by Wang
et al. demonstrated that EBV infects a wide range of cells within
the hematopoietic system, including both lymphoid and myeloid
lineages, as well as hematopoietic stem cells in patients with
CAEBV. This suggests that CAEBV disease may stem from the
infection of hematopoietic stem cells.*®**! Our prior research
demonstrated a correlation between lymphocyte cytotoxicity and
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genetic mutations in nonimmunosuppressed patients with EBV*T/
NK-lymphoproliferative disorders. Furthermore, patients with
genetic defects exhibited a poorer clinical prognosis when
compared to those without mutations.**®

sHLH has been documented to have a correlation with GVHD
following allogeneic or autologous HSCT. Upon diagnosis,
mortality rates among these patients are notably elevated,
underscoring the importance of promptly identifying and addres-
sing excessive inflammation. There is evidence suggesting that
ferritin levels may not be strongly associated with GVHD, but
rather with HLH. Elevated ferritin levels in the post-transplant
setting may indicate the occurrence of secondary HLH in patients,
making it a potentially valuable biomarker for distinguishing
sHLH/MAS. It is recommended to first test serum ferritin levels in
suspected HLH cases, but in both adults and children, serum
ferritin levels <500 pg/L may serve as a negative diagnostic
indicator for HLH.*** Recent research has identified increased
levels of various cytokines and chemokines in secondary sHLH/
MAS following allo-HSCT, suggesting that the allogeneic reactive
state in GVHD may contribute to the development of sHLH/
MAS.** Additionally, patients treated with CD22 CAR-T cells
exhibited a higher incidence of CAR-T cell-associated HLH (CAR
HLH), which may be considered a form of CRS, aligning with the
proposed pathophysiology of HLH as an inflammatory process
mediated by T cells and the known association of key cytokines
with HLH. Numerous cytokines and chemokines linked to HLH in
patients with CAR HLH, including IFN-y, IL-6, IL-1B, IL-18, IL-18
binding protein (IL18bp), IL-8, MIP-1a, CXCL 9, and CXCL 10, were
consistently and significantly elevated in comparison to patients
without CAR HLH. Conversely, cytokine elevations in patients with
CAR T-associated severe CRS, while reaching similar peak levels,
were transient and rapidly decreased, indicating a potential
association between more severe CRS and CAR HLH.*** Recent
findings by researchers have revealed a perforin-deficient homo-
zygous mouse model in which antigen-independent CAR-T cell
expansion is linked to HLH-like toxicity. The expansion of perforin-
deficient CAR-T cells is accompanied by the simultaneous
expansion of wild-type T cells, suggesting that T-cell-driven
expansion contributes to a secondary inflammatory response.*?’
For sHLH/MAS identification after HSCT/CAR-T-cell therapy,
standard screening protocols, such as ferritin levels, are readily
available.**

Recognition, monitoring, and treatment strategies of HLH. HLH is a
potentially life-threatening systemic hyperinflammatory syn-
drome. Early recognition and prompt management are critical to
prevent organ failure and reduce mortality. According to the
EULAR/ACR guidelines,**® HLH should be suspected when the
following unexplained or markedly abnormal clinical and labora-
tory features are present, particularly when occurring concurrently
in an appropriate clinical context. These include persistent fever,
elevated ferritin, and other inflammatory or damage markers (e.g.,
CRP, LDH); inappropriate reductions in hemoglobin, platelet count,
or white blood cells (neutrophils and lymphocytes); liver dysfunc-
tion (elevated ALT, AST, bilirubin); coagulation abnormalities (e.g.,
low fibrinogen, elevated PT/INR, D-dimer); splenomegaly; and
central nervous system involvement. Diagnostic evaluation should
include testing for ferritin, fibrinogen, NK cell activity, IL-2Ra
(CD25), and other inflammatory biomarkers. For patients with
suspected HLH, the need for genetic testing should be carefully
considered based on clinical presentation, age, and laboratory
findings, as these factors significantly influence diagnostic and
therapeutic decisions. The early identification of high-risk patients
is paramount. Various scoring systems and modeling studies
utilizing serum markers and clinical characteristics have been
developed to predict the severity and prognosis of HLH. Li Xiao
et al. identified two key prognostic factors in HLH: total cholesterol
levels <3.11 mmol/L and BUN levels >7.14 mmol/L, both of which
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Table 4. Genetic Mutations Associated with HLH
Disorder Gene Cytogenetic MOI Pathogenic pathway
localization
Familial HLH**'
FHL-2 PRF1 10921-22 AR  Pore formation
FHL-3 UNC13D 17925 AR  Lymphocyte granule priming
FHL-4 STX11 6q24 AR Lymphocyte granule fusion
FHL-5 STXBP2 19p13.2 AR  Lymphocyte granule fusion
Pigmentary disorders associated with HLH*?!
GS-2 RAB27A 1521 AR  Lymphocyte granule docking
CHS LYST 1942-43 AR  Lymphocyte granule trafficking
HPS2 AP3B1 5q14.1 AR  Lymphocyte granule trafficking
XLP-1 and XLP-2**'
XLP-1 SH2D1A  Xqg25 XLR Defective 2B4-mediated cytotoxicity, impaired T-cell
restimulation-induced cell death, absent iNKT cells
XLP-2 XIAP Xq25 XLR Dysregulated NLRP3 inflammasome; increased effector cell
susceptibility to cell death
Autoinflammation, enterocolitis*’ NLRC4 2p22.3 AD  Constitutively active NLRC4 inflammasome
NOCARH syndrome??' CDC42 1p36.12 AD  Impaired actin structure formation, defective cell proliferation,
migration, cytotoxicity, increased IL-1f and IL-18
EBV susceptibility disorders
L(—elizléte&immunodeﬁciency, magnesium MAGT1 Xg21.1 XLR Impaired Mg?" transporter; low NKG2D, reduced cytotoxicity
Lymphoproliferative syndrome 14’ ITK 5qg33.3 AR  Defective tyrosine kinase function, impaired T-cell expansion,
decreased iNKT cells
Lymphoproliferative syndrome 2**' CD27 12p13.31 AR Impaired T-cell proliferation/cytotoxicity against EBV" B cells,
decreased iNKT cells
Lymphoproliferative syndrome 3*' CD70 19p13.3 AR Defective T-cell expansion/cytotoxicity, decreased NKG2D, 2B4,
iNKT cells
Immunodeficiency**' CTPS1 1p34.3 AR Impaired CTP synthesis for nucleic acid metabolism; defective
cell proliferation, decreased iNKT cells
Immunodeﬁciency421 RASGRP1 15q14 AR Impaired T-cell activation, proliferation, migration, cytotoxicity,
decreased iNKT cells
Hyperinflammatory Disorder
NCKAP1L-associated hyperinflammatory NCKAP1L 12913.13-q13.2 AR Impaired actin reorganization, early T-cell activation defects,
disorder®’ impaired neutrophil migration
RC3H1-associated hyperinflammatory RC3H1 1925.1 AR Chronic hepatitis, dyslipidemia, dysmorphic features, mild
disorder®?? intellectual disability
RHOG-associated hyperinflammatory RHOG 11p15.4 AR  Radiolucent bone lesions, sclerosis, cupping on distal
disorder®? metaphyses
Metabolic Disorders
Adenosine deaminase deficiency®®* ADA 20q13.11 AR Defective nucleic acid metabolism
Purine nucleoside phosphorylase deficiency®® PNP 14913 .1 AR  Defective nucleic acid metabolism
Cobalamin C disease®® MMACHC 1p AR  Defective vitamin B12 metabolism
Immune System Deficiencies
IL-2 Ra chain deficiency®®' 1L2RA 10p15-14 AR Impaired T-cell activation and regulation
Common y chain deficiency®” IL-2RG Xq13 XLR Impaired T-cell activation and regulation
X-linked agammaglobulinemia®®® BTK Xq21.3-g22 XLR Impaired B-cell maturation and proliferation
Wiskott-Aldrich syndrome>*? WASP Xp11.23-22 XLR Cytoskeletal defects
DiGeorge syndrome®® DCGR 22q11.2 AD  Disrupted TBX1 pathway affects pharyngeal arch/pouch
development; thymus, parathyroid, and cardiac defects
Hyper-IgD syndrome®”"’ MVK 12924 AR  Defective cholesterol and lipid synthesis
Lysinuric protein intolerance*?! SLC7A7 14q11.2 AR  Impaired amino acid transport
Multiple sulfatase deficiency®®? SUMF1 3p26 AR  Impaired sulfatase transcriptional activation
Holt-Oram syndrome TBX5 129241 AD  Defective cardiomyocyte differentiation
Heme oxygenase-1 deficiency®®? HMOX1 229123 AR Impaired heme oxidation to biliverdin

AD Autosomal dominant, AR Autosomal recessive, CHS Chediak Higashi syndrome, CTP Cytidine triphosphate, GS-2 Griscelli syndrome type 2, HPS2 Hermansky-
Pudlak syndrome type 2, MOl Mode of inheritance, NOCARH Neonatal onset of pancytopenia, autoinflammation, rash, & episodes of HLH, XLP-1 X-linked
lymphoproliferative syndrome type 1, XLP-2 X-linked lymphoproliferative syndrome type 2, XLR X-linked recessive
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were associated with poor outcomes.**’ In addition, Hua Pan et al.
developed a prognostic scoring system to identify pediatric
patients at high risk for disease progression, which aids in
determining the need for second-line therapies, including allo-
HSCT**® Zoref-Lorenz et al. demonstrated that an optimized HLH
inflammatory (OHI) index, in conjunction with elevated soluble
CD25 (>3900 U/mL) and ferritin (>1000 ng/mL), serves as a potent
predictor of poor outcomes in HLH associated with hematologic
malignancies.**® Furthermore, a recent study suggested that the
ferritin/platelet ratio post-induction therapy could reliably reflect
treatment response in adult HLH patients.**® Cheng et al.
established an albumin-bilirubin (ALBI) score and classification
system, which uses pretreatment albumin and bilirubin levels.
ALBI grade 3 was identified as a significant independent predictor
of both 30-day mortality and overall survival, indicating a higher
risk of mortality in affected patients.**' Zhang et al. proposed an
early prognostic model incorporating factors such as deep organ
hemorrhage, response to initial induction therapy, and serum
calcium levels at 8 weeks post-induction, which helps identify
patients at elevated risk of mortality within this timeframe.**?
Additionally, Tingting Cui et al. developed a column-line diagram
model that integrates factors such as age, EBV-DNA levels, BUN,
sCD25, and PCT to predict high mortality risk during induction
therapy.*>® Another study utilizing machine learning identified
that low total cholesterol, high urea nitrogen and bilirubin, and
prolonged thrombin time were strongly associated with early
mortality, particularly in pediatric HLH patients.***

The management of HLH focuses initially on controlling the
excessive inflammatory response to halt disease progression,
followed by addressing underlying immune deficiencies and
managing the primary disorder to prevent recurrence. The HLH-94
and HLH-2004 protocols are the most widely used for initial
treatment. The HLH-2004 protocol incorporates cyclosporine A
during the induction phase to enhance immunosuppression, but
early clinical studies have shown no significant clinical advantage of
cyclosporine inclusion at this stage.*® As a result, most centers
continue to follow the HLH-94 protocol.*?? For patients with primary
HLH, allo-HSCT remains the only curative option. In cases where
primary HLH patients are not eligible for immediate allo-HSCT,
maintenance therapy is essential to prevent relapse. The HLH-94
protocol recommends etoposide combined with dexamethasone for
maintenance, with adjustments to treatment intensity based on
patient tolerance to minimize toxicity while maintaining disease
control.**> Secondary HLH is more complex, often requiring
individualized approaches that deviate from the HLH-94/2004
protocols. For instance, CAR-T cell therapy-associated immune
effector cell hemophagocytic syndrome is initially managed with
corticosteroids as the first-line immunosuppressive treatment.
However, prolonged corticosteroid use can impair CAR-T cell
function.”*® Refractory or relapsed HLH requires timely salvage
therapy, which may differ from the initial induction regimen.
Relapsed cases can also be managed by repeating the original
treatment protocol. However, there is no consensus among medical
professionals on an optimal salvage therapy regimen for relapsed or
refractory HLH. The DEP regimen (a combination of liposomal
doxorubicin, etoposide, and methylprednisolone), with or without
asparaginase, has shown significant efficacy in adult patients with
refractory HLH.*”**° In recent years, several targeted therapies
have emerged for HLH treatment. Emapalumab, approved by the
FDA in 2018, is currently the only drug indicated for refractory or
relapsed primary HLH in children (including neonates) and
adults.*%*°" Other promising agents include the JAK1/2 inhibitor
ruxolitinib, the CD52 monoclonal antibody alemtuzumab, IL-6
inhibitors, IL-1Ra anakinra, IL-18 inhibitors and TNF inhibitors.*>®
Additionally, gene therapy approaches targeting defective genes
associated with XLP1, FHL2, and FHL3 have shown encouraging
results in preclinical mouse models, offering potential avenues for
future curative treatments.*5>~%4
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CRS associated with CAR-T therapy

Pathogenesis of CRS associated with CAR-T therapy. CAR-T cell-
associated CRS is a systemic condition characterized by the
hyperactivation of immune effector cells and a diverse array of
proinflammatory cytokines. This syndrome demonstrates a cytokine
elevation profile that closely resembles that seen in HLH, with IL-6,
IFN-y, and IL-1 playing key roles (Fig. 8)." CAR-T is a novel therapy for
tumor immunotherapy. It has demonstrated the ability to circum-
vent host immune tolerance and selectively target tumor cells within
the major histocompatibility complex (MHC) constraints. Moreover,
it exhibits notable advantages including robust targeting capabil-
ities, broad spectrum tumor cell killing, and enduring therapeutic
effects. Consequently, CAR-T has been effectively utilized in the
clinical management of numerous hematological malignan-
cies. "5 Nevertheless, CRS and ICANS have emerged as significant
obstacles impeding the broader application of CAR-T cell therapy in
cancer treatment, marked by hyperactivation of the immune system
and elevated levels of serum cytokines and pro-inflammatory
molecules linked to the proliferation of CAR-T cells (Table 5) 467,468
Severe CRS and ICANS pose significant risk to patient health.
Myeloid-derived macrophages are known to be pivotal in the
pathogenesis of CRS.*® Research suggests that CRS-related toxicity
may primarily involve a macrophage-centric pathophysiological
mechanism, characterized by the initial activation of macrophages
through CD40L-CD40 interactions within the tumor microenviron-
ment of CAR-T cells, the release of key cytokines (such as IL-6, IL-1,
and IFN-y) during CRS, and the involvement of catecholamine self-
amplification loops in macrophages.*”® Notably, both IL-6 and its
downstream effectors are crucial in the manifestation of clinical
symptoms associated with CRS. IL-6 is primarily synthesized by
activated T cells, with additional contributions from endothelial cells
in the vasculature and the monocyte/macrophage lineage in the
context of CRS.*”'~** Elevated IL-6 levels have been associated with
vascular permeability, complement activation, DIC, and myocardial
dysfunction.?'® Recent studies have highlighted the role of inducible
nitric oxide synthase (iNOS) as a proinflammatory cytokine
expressed by M1 macrophages in the pathogenesis of CRS.*7® IL-
1B has been shown to stimulate the expression and synthesis of
iNOS. Furthermore, GM-CSF plays a role in a complex network of
inflammation, primarily originating from CAR-T cells.*>™78 |ts
heightened expression in neuronal cells contributes to the
manifestation of neurotoxic symptoms.*’? IFN stimulation or co-
induction with pathogens triggers macrophage activation, resulting
in increased ferritin release and subsequent development of severe
CRS. Research indicates that interactions between CD40L on CAR-T
cells and CD40 on monocyte-macrophage lineages during CRS
exacerbate the severity of the syndrome. Macrophages have the
capability to respond and secrete catecholamines through the
activation of adrenergic receptors,**® leading to an increased
production of cytokines (IL-2, TNF, IFN-y, and MIP-1a) within the
macrophage, a phenomenon referred to as the autocrine loop of
catecholamines.®®’ This cascade of events can exacerbate the
inflammatory damage associated with CRS.

Recognition, monitoring, and treatment strategies of CRS associated
with CAR-T therapy. The correlation between the severity of CRS
and patient survival is significant. Severe CRS is associated with
heightened risks of disability and mortality, impacting the course
of patient management. The grading criteria for CRS are typically
based on the standards established by the ASTCT (American
Society for Transplantation and Cellular Therapy).*®? This system
categorizes CRS severity on a scale from 1 to 4, with grades of 3 or
higher indicating severe CRS.*®* Accurate grading is crucial, as it
enables timely identification and management of CRS, potentially
improving patient outcomes. However, the ability to predict CRS
risk, particularly for early detection of severe cases, remains
imperative for optimizing treatment strategies. Numerous studies
have investigated methods for identifying and monitoring high-
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Fig. 8 Mechanisms and clinical manifestations of CAR-T and GVHD-associated CRS. CAR-T: Following infusion, CAR-T cells are transported to
the tumor site, where target recognition activates them to proliferate locally and produce cytokines such as IL-6, IFN-y, GM-CSF, and TNF, along
with soluble inflammatory mediators and catecholamines. This activation stimulates various components within the tumor microenvironment,
leading to increased cytokine levels in peripheral blood and further expansion of the CAR-T cell population. The resulting cytokine storm can
trigger systemic inflammation, potentially leading to multi-organ dysfunction. GVHD: Conditioning chemotherapy or radiation causes tissue
damage, releasing pathogen-associated molecular patterns (PAMPs; e.g., LPS) and damage-associated molecular patterns (DAMPs; e.g., from
total body irradiation, TBI), which increase the activation of host APCs during the initiation phase. In the donor T cell activation phase, these
host APCs activate alloreactive donor CD4" and CD8" T cells. In the effector phase, effector T cells and pro-inflammatory cytokines damage
epithelial cells of the skin, gastrointestinal (Gl) tract, liver, CNS, kidneys, and lungs, leading to apoptosis and necroptosis, and resulting in the
symptoms of aGVHD. Abbreviation: CAR-T chimeric antigen receptor-modified T cells, GM-CSF granulocyte-macrophage colony-stimulating
factor, IFN interferon, MIP macrophage inflammatory protein, aGVHD acute graft-versus-host disease, APCs antigen presenting cells. The

figure was created with the assistance of Adobe lllustrator

risk CRS patients in order to intervene prior to the onset of severe
symptoms, ultimately mitigating CRS severity and mortality rates.
These models commonly incorporate pre-infusion laboratory
markers and/or post-administration serum levels of cytokines or
other immune proteins, including but not limited to absolute
neutrophil count, hemoglobin, CRP, ALP, BNP, APTT, PCT, and
ferritin. Additionally, cytokine profiles such as IFN-y, soluble IL-2
receptor, IL-4, IL-6, IL-8, IL-10, IL-15, MCP-1, TNFRp55, CX3CL1,
GZMB, PDGFAA, among others, are also employed. Moreover, early
changes in ST2, Ang-2, NETs levels, and the soluble forms of
vascular cellular adhesion molecule-1 (sVCAM-1) or intercellular
adhesion molecule 1 (sICAM-1) within the first 24-48 h post-
infusion have been utilized for the early identification of severe
CRS patients.*®**7 Considering that endothelial cell activation
plays a crucial role in the pathogenesis of CRS, the endothelial
activation and stress index (EASIX) score, incorporating baseline
levels of blood creatinine, lactate dehydrogenase, and platelets, as
well as the modified EASIX formula, have been employed for the
stratification of severe CRS risk.*¥¢-*° Table 5 presents the current
research on predicting CRS. It is worth noting that there is a lack of
standardized systems for identifying and monitoring CRS in
patients with different hematologic malignancies. Vigilant mon-
itoring and evaluation of disease severity, particularly in high-risk
CRS patients following CAR-T cell therapy, are essential, with a
focus on various serum biomarkers or cytokines (Table 6).
Various strategies have been suggested for the prevention of
CRS, such as optimizing dosage regimens, creating less toxic
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chimeric antigen receptors (CARs), and implementing reversible
switches. However, further research is needed before these
strategies can be applied in clinical settings. Currently, the
predominant intervention methods involve pharmacological
treatments.*®' CRS prevention can be accomplished by inhibiting
the IL-6 receptor using tocilizumab (an IL-6 receptor antagonist) or
through monocyte depletion.*?>*?* Although the potential risk of
ICANS associated with tocilizumab was initially considered
uncertain, studies have now shown that patients who receive
multiple doses of tocilizumab are at a heightened risk for both
low-grade and high-grade ICANS compared to those who receive
fewer doses. Conversely, IL-1Ra (anakinra) has demonstrated
efficacy in preventing CRS and neurotoxicity in animal
mOdeIS.470'494'495

Early administration of tocilizumab and prompt use of
corticosteroids are crucial in managing sCRS. Studies have shown
that risk-adapted preemptive tocilizumab effectively prevents
grade 4 CRS following CTL0O19 treatment for pediatric B-cell acute
lymphoblastic leukemia, without adversely affecting the antitumor
efficacy or safety of CTL019.%® The prevailing consensus in current
research literature advocates for the implementation of a stepwise
treatment approach. In cases where patients present with sCRS
symptoms, initial therapy typically consists of tocilizumab and
corticosteroids. Specifically, tocilizumab is administered at a dose
of 8 mg/kg via intravenous infusion, with a maximum dose of
800 mg, given 1-2 times, not exceeding three doses within a
24-hour period, up to a maximum of four doses.*”” Additionally,
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ICANS-PSS®%*

Column line graph MM (BCMA CAR-T); ALL,
model*®* NHL (CD19 CAR-T)
(score) + 1)
Absolute Neutrophil
Count (ANC)®°*

Three-factor decision tree
modeling*®®

MM (BCMA CAR-T); RR B-
ALL/NHL (CD19/22 CAR-T)

B-ALL (CD19 CAR-T)

model
IL-6; Ferritin®®® MM (BCMA/BCMA CD19
CAR-T)

Hematologic malignancies
(CD19 CAR-T; BCMA CAR-T)

sST2, Angll, and NETs*#
NETs > 7.5 pg/mL

Endothelial Activation
and Stress Index (EASIX-
pre)488

EASIX score®®®

DLBCL, PBMCL, MCL, CLL,
FL, ALL (CD19 CAR-T)

LBCL (Axicabtagene
ciloleucel)
CRP >21 mgt

M-EASIX score*° B-ALL (1928z CAR-T) and

LBCL

Decision tree ALL (CD19 CAR-T)

Classification tree
model*®®

Modeling of cytokine

B-ALL, CLL, NHL (CD19
CAR-T)

ALL (CD19 CAR-T)

Table 5. Prediction of CAR-T-associated severe CRS

Predictive models/ Applicable Diseases Method of calculation/Risk grouping Significance

Indicators

CRS-PSS; LBLC Bulk >5 cm, Platelets < 150 G/L, No bridge or bridge Score > 2; higher grade >3 CRS or

failure, CRP > 30 mg/L, Female sex, Axi-cel

Calculated score based on CX3CL1, GZMB, IL-6, IL-4,
PDGFAA. sCRS incidence=exp (score)/(exp

ANC < 0.01 x 10%/L for more than 3 consecutive days

Three of the 25 clinical factors (including TNF, TG,
and PT, etc) were selected to form a decision tree

IL-6 > 14.1 pg/mL, Ferritin > 920 ng/mL

Angll > 1877 pg/mL, sST2 > 38.7 ng/mL, and

Score=LDH(U/L) x Cr (mg/dl)/PLT (10%cells/L), High
risk: EASIX-pre>4.67

EASIX-F: score > 4.6, high ferritin (>321 ng/mL);
EASIX-FC: score > 2.1, high ferritin(>1583 ng/mL),

Score= LDH[U/LIxCRP[mg/dL1/PLT[10%cells/L]

sVCAM-1 £ 2612103.625 pg/ml; sICAM-
modeling*®” 1<145167.594 pg/ml

High risk: Within 36 h after infusion T >38.9°C and
MCP-1 2 1343.5 pg/mL

Three cytokines were selected from 24 cytokines
profiles®®” including sgp130, IFN-y, IL-1RA, MCP-1, etc.

ICANS

Score > 0: sCRS% > 50%,
identify > grade 4 CRS

Identify > grade 3 CRS

Identify > grade 3 CRS

Identify > grade 3 CRS

Prediction >grade 2 CRS; Ang-
Il > 4823 pg/mL or NET > 16.5 pg/mL
indicates sepsis

Prediction > grade 3 CRS

The higher the risk, the higher the
cumulative incidence of grade 2-4
CRS or ICANS

Score 2 6.2 predict > grade 3 CRS or
ICANS

Prediction > grade 4 CRS

Identify > grade 4 CRS

Identify > grade 4 CRS

MM multiple myeloma, BCMA B-cell maturation antigen, ALL acute lymphoblastic leukemia, NHL non-Hodgkin lymphoma, sCRS severe CRS of grade>3, RR
relapsed or refractory, B-ALL B-cell acute lymphoblastic leukemia, TG triglyceride, PT prothrombin time, IP inorganic phosphate, Mg magnesium, DLBCL diffuse
large B-cell lymphoma, sST2 soluble suppression of tumorigenesis-2 factor, Ang-ll angiopoietin-l, MCL mantle cell lymphoma, CLL chronic lymphocytic
leukemia, FL follicular lymphoma, LBCL large B-cell lymphoma, LDH lactate dehydrogenase, Cr creatinine, PLT platelet, CRP C-reactive protein, sVCAM-1 soluble
vascular cell adhesion molecule, sICAM-T1 soluble intercellular adhesion molecule, T temperature, MCP-1 monocyte chemoattractant protein-1

dexamethasone is administered at a dose of 10mg via
intravenous infusion every 6 h, with treatment duration ranging
from 1 to 3 days. Alternatively, methylprednisolone may be
administered at 1000 mg intravenously daily for 3 days, followed
by a taper; however, the optimal dose and timing for corticoster-
oid administration remain unclear.*®? If methylprednisolone
proves to be ineffective, alternative treatments such as the anti-
IL-6 antibody siltuximab and IL-1Ra anakinra have been utilized in
certain medical centers for the management of CRS.**? Anakinra
has been shown to mitigate CRS symptoms in animal models
without compromising the efficacy of CAR T cell therapy.*
Clinical reports suggest that anakinra is effective in controlling CRS
that is resistant to steroid treatment.**®*°° Additional treatment
options for steroid-refractory severe CRS include JAK pathway
inhibitors, GM-CSF inhibitors, TNF blockers, tyrosine kinase
inhibitors, mTOR inhibitors, blood filtration, plasma exchange,
mechanical ventilation, and surgical intervention.*®? In cases of
multi-organ dysfunction, continuous veno-venous hemofiltration
can effectively eliminate excess fluids and inflammatory media-
tors, stabilize the internal milieu, and facilitate the restoration of
compromised organs. Additional large-scale clinical trials may be
necessary to confirm the effectiveness of these treatments.
Despite advancements in current methods for treating and
preventing CRS, further research and clinical trials are essential
to enhance these strategies and guarantee their safety and
efficacy.
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aGVHD post allo-HSCT

Pathogenesis of HSCT associated CRS. aGVHD is a significant
complication following allo-HSCT, marked by heightened inflam-
matory reactions due to antigenic disparities between transplant
recipients and donors. It stands as the primary contributor to non-
recurrent mortality post-transplantation, linked to elevated rates
of morbidity and mortality (Fig. 8). This condition affects multiple
organs, including the skin, liver, gastrointestinal tract, lungs,
kidneys, thymus, lymph nodes, bone marrow, and central nervous
system, and is categorized into grades I-IV according to its
severity, typically manifesting weeks to months post-HSCT.>® The
clinical symptoms of this condition are a result of a complex series
of events that commence with the activation of host antigen-
presenting cells in response to tissue damage caused by
pretreatment. Subsequently, donor T cells are stimulated by the
activated host antigen-presenting cells to identify host antigens,
migrate to affected tissues, and trigger apoptosis.’®' During
the initial phase, PAMPs and DAMPs generated by pretreatment
chemotherapy or radiation therapy regimens are detected
by innate immune receptors like TLRs, resulting in the secretion
of pro-inflammatory cytokines (e.g, TNF, IL-1B, and IL-6)
and subsequent activation of host antigen-presenting cells
(Fig. 8).>°%°°% Subsequently, in the second phase, the engagement
of donor T cells with activated antigen-presenting cells triggers
the activation and proliferation of T cells.>*®* During the third
effector phase, activated donor T cells and monocytes migrate to
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Table 6. Characteristics and management of CAR-T associated CRS

Characteristics Recognition and management

Signs and symptoms*&?

Development time*®? Within 14 days of CAR T cell infusion

Risk factor®®?

Diagnostic criteria®®? Rule out infectious causes of fever

CRS scoring

Management measure®®? Antipyretic, intravenous fluid

Initiation: fever with other systemic symptoms (myalgia, fatigue, nausea, vomiting, diarrhea, etc)

Progress: hypotension, hypoxia, tachycardia, tachypnea, arrhythmia, pleural effusion, capillary leakage, coagulation
dysfunction, pulmonary edema, DIC, multiple organ failure

The median time for common occurrence is 2-7 days
Cytokine profile®®? IL-6, IFN-y, TNF, GM-CSF, IL-1, IL-2, IL-10, MIP-1, MCP-1,etc
Patient characteristics: disease type, high disease burden, preexisting thrombocytopenia, and endothelial activation
CAR-T cell product features: targeted CD19, CD28
Co-stimulatory domains, receiving fodarabine and cyclophosphamide, high-dose infusion, high levels of serum CAR-T cells

Assess ECG, troponin, and BNP levels, atransthoracic echocardiogram for grade 2-4 CRS

ICU treatment, vasopressor support, supplemental oxygen
Anti-IL-6 therapy, glucocorticoid, anakinra, ruxolitinib, emapalumab, antithymocyte globulin, and/or cyclophosphamide

monocyte chemoattractant protein 1

DIC disseminated intravascular coagulation, GM-CSF granulocyte-macrophage colony-stimulating factor, MIP-1 macrophage inflammatory protein, MCP-1

the target organs affected by aGVHD, including the skin, liver,
spleen, and intestine. These cells stimulate the recruitment of
additional effector cells such as cytotoxic T cells and NK cells,
which contribute to tissue injury through direct cytotoxicity or the
release of proinflammatory cytokines and chemokines such as
TNF, IL-16, IL-2, IL-12, IL-17, IFN-y, CCL2, CCL3, CCL4, and CCL5. This
exacerbates the severity of aGVHD and can ultimately result in
patient mortality.>®*>°® Furthermore, research indicates that
T cells in individuals with aGVHD predominantly rely on glycolysis
as their primary metabolic pathway, suggesting that dysregulated
T-cell glycolysis may represent a novel mechanism contributing to
the development of aGVHD.>%’

Recognition, monitoring, and treatment strategies for HSCT
associated CRS. Patients with severe aGVHD frequently demon-
strate suboptimal responses to treatment and elevated rates of
mortality following transplantation, underscoring the significance
of timely identification and monitoring of risk factors. Scholars
from both domestic and international arenas have devised diverse
predictive models utilizing serum biomarkers, cytokines, and
comorbidities. For example, researchers in the domestic sphere
have proposed the utilization of the SA/PA ratio (<0.731) on the
7th day post-hematopoietic stem cell transplantation as a means of
predicting severe aGVHD.>® In the field of international studies,
various scoring systems such as the gut microbiota score, HCT-CI
score, and DeltaAlb=0.9 have been utilized to assess the likelihood
of developing grade lll-IV aGVHD. Additionally, biomarkers includ-
ing IL-2Ra, TNFR1, IL-6, and ST-2, as well as REG3a identified
through the MAGIC algorithm, have shown promise in predicting
severe and fatal GVHD within the first 2 weeks post-
transplantation.’*®' Furthermore, markers of endothelial injury
such as Ang-ll have been found to be significantly elevated in cases
of aGVHD and are associated with lower survival rates in patients
with severe aGVHD.>'>”'® Convolutional neural network models,
clinical variables, and cytokine gene polymorphism models have
demonstrated efficacy in predicting severe GVHD.>'”*'® Further-
more, the ratio of inflammatory CD4/CD8 double-positive T cells
and Tim-3CD8 T cells shows promise for early identification of
high-risk patients.>'® Specific prediction studies for aGVHD are
outlined in Table 7, highlighting the diversity of predictive
methods available. However, it is important to note that these
studies may not be universally applicable as they target distinct
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patient populations. Hence, it is imperative for clinicians to conduct
personalized evaluations for distinct demographic groups and
implement proactive preventative interventions or immediate
interventions for patients at elevated risk (Table 8).

The prevailing conventional prophylactic regimen for GVHD
commonly involves calcineurin inhibitors (e.g., cyclosporine or
tacrolimus) and antimetabolite medications (e.g., methotrexate or
mycophenolate mofetil), occasionally supplemented with anti-
thymocyte globulin (ATG).>®° Strategies such as the Beijing
protocol, which incorporates ATG and granulocyte colony-
stimulating factor, as well as post-transplant cyclophosphamide-
based T-cell depletion, have demonstrated efficacy in reducing
the occurrence of aGVHD.>?'?* In the context of reduced-
intensity conditioning and matched unrelated donor allo-HSCT,
the addition of sirolimus to the standard treatment regimen has
been associated with decreased incidence of GVHD and non-
relapse mortality, ultimately leading to improved overall survival
rates. Abatacept, a T-cell co-stimulation inhibitor, has received
approval in the United States for the prevention of GVHD and is
well-known for its effectiveness when used in conjunction with
calcineurin inhibitors and methotrexate, particularly for HLA-
matched or mismatched unrelated donor transplants.®'’ Vedoli-
zumab, which targets the 047 integrin, has the potential to
prevent acute gastrointestinal GVHD by disrupting T-cell migration
to gut-associated lymphoid tissue.>*

The initial treatment approach for aGVHD typically involves the use
of corticosteroids. In cases where patients do not respond well to
corticosteroid therapy, known as steroid-refractory aGVHD (SR-
aGVHD), ruxolitinib has been approved by the FDA as a viable
treatment option. Additional therapeutic strategies for aGVHD
include alemtuzumab, al-antitrypsin, basiliximab, cellular therapies
(such as mesenchymal stem cells and regulatory T cells), daclizumab,
extracorporeal photopheresis, fecal microbiota transplantation, other
JAK inhibitors, mycophenolate mofetil, methotrexate, pentostatin,
rabbit anti-thymocyte globulin, sirolimus, and vedolizumab.>?° In
cases of low-risk aGVHD, investigations into monotherapy with
alternative agents like itacitinib are currently underway. In the
context of high-risk patients, the combination of novel agents with
corticosteroids is being explored due to their anti-inflammatory and
tissue-protective properties. Recent research has identified potential
therapeutic targets for aGVHD, such as the simultaneous inhibition of
the pro-inflammatory cytokines IL-6R and TNF in MHC-mismatched
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Myelofibrosis; MM

SA/PA ratio®®® ALL; AML; NHL SA/PA ratio<0.731

Gradient of fecal All patients

microorganisms®'®

TIM3; IL-6; sTNFR1°'2 Al patients TIM3, IL6, sTNFR1

Ann Arbor score®’’ All patients TNFR1, ST2, and Reg3a
HCT-CI scores®™® All patients

Table 7. Prediction of severe aGVHD

Predictive models/ Applicable Diseases Method of calculation/Risk grouping Significance

Indicators

CNN predictive Indefinite High risk: 90-100th percentile; Intermediate risk: 10-90th percentile; Low Higher scores: predicts

model>"’ risk: 0-10th percentile grade 3-4 aGVHD

CD4/CD8 double- Indefinite DPT is not present in the initiating grafts Presence of DPT predicts

positive T-cell (DPT)>"® >grade 2 aGVHD

daGOAT predictive All patients Clinical data, dynamic variables, and benchmarks like MAGIC and Ann Dynamic forecasting of

model®®® Arbor scores severe acute graft-
versus-host disease

The Minnesota GVHD  All patients Calculation of risk groups based on severity of organ involvement using Predicted grade 3-4

Risk Score®”® aGVHD

MAGIC algorithm All patients log10[-log10(1-PA)] = —11.263 + 1.844(log10ST2) + 0.577(log10REG3w). Predicted grade 3-4

probability (MAP)*'* High risk: PA > 0.16 aGVHD

GMS score®® ALL; AML; MDS Calculation of GMS scores based on different gut flora formulas Higher scores: predicts
grade 3-4 aGVHD

CG-M model°'® AML; ALL; MDS; Risk scores were calculated based on LASSO multivariate analysis 0.11<score <0.3:

Lymphoma; predicts grade 3-4

Gradient=sum of relative abundance of positively correlated bacteria-sum
of relative abundance of negatively correlated bacteria

High risk (3); Intermediate risk (2); Low risk (0)

Weighted according to the corresponding comorbidity score: High risk
(=5); Intermediate risk (1-4); Low risk (0)

aGVHD

Predicted grade 2-4
aGVHD

Higher gradient: predicts
grade 3-4 aGVHD
Predicted grade 3-4
aGVHD

Prediction aGVHD
Medium-High risk:
predicts grade 3-4
aGVHD

CNN convolutional neural network, KRT20 Cytokeratin 20, daGOAT Dynamic forecasting of severe acute graft-versus-host disease after transplantation, AML
acute myeloid leukemia, MDS myelodysplastic syndrome, MAGIC The Mount Sinai Acute GVHD International Consortium, p/A probability, REG3a regenerating
islet-derived 3-a, GMS gut microbiota score, CG-M clinical variables and cytokine gene polymorphisms, LASSO least absolute shrinkage and selection operator,
SA/PA stearic acid/palmitic acid, DeltaAlb magnitude of decline in serum albumin, HCT-CI Hematopoietic cell transplantation co-morbidity index

mouse models. This approach has shown promise in rescuing
recipients from corticosteroid resistance and lethal intestinal GVHD
while maintaining graft-versus-tumor effects>*® Additionally, the
expression levels of ubiquitin-specific protease 11 (USP11) have been
found to correlate with the development of aGVHD in patients
undergoing allo-HSCT, suggesting that USP11 inhibition may be a
viable strategy for both the prevention and treatment of aGVHD.>*’
Furthermore, the synergistic enhancement of T-cell function in
aGVHD patients has been demonstrated by combining corticoster-
oids with glycolysis inhibitors, resulting in a reduction in disease
severity in mouse models while maintaining graft-versus-tumor
effects. This approach presents a promising avenue for precision
therapy in aGVHD.>"

THERAPEUTIC PROSPECT IN HALTING CS

Given the significant impact of CS on disease pathology, there has
been ongoing research into strategies aimed at quick diagnosis
and therapy targeting of CS. Quick diagnostic tools are under
exploration. For instance, sST2 detecting kit is developed for quick
FM diagnosis based on the finding that serum sST2 levels correlate
with FM progression® Furthermore, a variety of cytokine
antibodies or analogs have been developed to either neutralize
proinflammatory cytokines or inhibit downstream cascades.

For instance, IL-1, which includes IL-1a and IL-1B, is a key
proinflammatory cytokine that promotes destructive inflamma-
tion. Anakinra, the recombinant IL-1Ra, has been created to
specifically block the activity of both IL-1a and IL-1B3. The
administration of anakinra resulted in notable and prompt
alleviation of fever, as well as a decrease in inflammatory
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cytokines and biomarkers linked to ICANS/CRS.>?® This treatment
has also demonstrated efficacy in patients with CS related to
rheumatic conditions.>?*>*° Similarly, the IL-18 neutralizing anti-
body canakinumab exhibited anti-inflammatory properties. In a
study involving CVB3-induced acute myocarditis in mice, sig-
nificant enhancements in myocardial injury and inflammation
were noted in groups treated with IL-1B neutralizing agents.>*’

Similarly to IL-1Ra, tocilizumab, an IL-6R antibody, has demon-
strated efficacy in the treatment of systemic juvenile idiopathic
arthritis (sJIA), severe rheumatoid arthritis, multicentric Castleman'’s
disease, and CART therapy-induced CRS.>4°3233% |n addition, IFN-y
is a potential target for CS control. Recently, FDA approved
emapalumab, an IFN-y antibody, for the treatment of relapsed/
refractory HLH based on positive results from a single-arm, open-
label phase 2/3 trial (NCT01818492; NCT02069899).*¢" Further-
more, IFN-y neutralizing antibodies have been shown to improve
survival in mice with LPS-induced sepsis.®® Other promising targets
for treatment include IL-18 and TNF antibodies or analogs.

In addition to anti-cytokine therapies, the utilization of small
molecules to inhibit cytokine production and signaling represents
a promising approach. For instance, JAK inhibitors such as
baricitinib, tofacitinib, upadacitinib, and ruxolitinib have demon-
strated efficacy in clinical settings for managing CS in conditions
such as aGVHD, rheumatoid arthritis, sJIA, and systemic lupus
erythematosus.5>3¢ Ruxolitinib has shown potential in ameliorat-
ing disease symptoms in murine models of primary and secondary
HLH. Additionally, baricitinib has been shown to enhance recovery
from COVID-19 infection.®*” Despite these antibodies being
approved for certain diseases, there is ongoing research into the
efficacy of this treatment for a broader range of conditions."’
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Table 8.

Characteristics and management of CAR-T associated ICANS

Characteristics Recognition and management

Signs and symptoms*&3

Development time*®?

251

Cytokine profile

Risk factor*®?

Initiation: drowsiness, disorientation, inattention, tremors, expressive aphasia, dysgraphia, and apraxia

Progress: cognitive impairment, focal motor and sensory deficits, epilepsy, fatal cerebral edema, and intracranial
hemorrhage

Long-term sequelae
Usually occurs concurrently with or shortly after CRS

Delayed instances starting >3 weeks after CAR
T cell infusion

Plasma: IFN-y, IL-15, IL-6, IL-10, GM-CSF, IL-1RA, IL-2, IP-10, IL-1p, IL-8, TNF
Cerebrospinal fluid: the cytokine profile was similar to that of serum, except for elevated levels of IL-8, CXCL-10 and MCP-1

Patient characteristics: CRS, disease type, high disease burden, past thrombocytopenia and endothelial activation, and
past neurological comorbidities

CAR-T cell product features: targeted CD19, CD28 co-stimulatory domains, receiving fodarabine and cyclophosphamide,

Diagnostic evaluation®®®  ICE score and/or CAPD score

ICANS scoring

Management measure*®? Supportive treatment

Intrathecal hydrocortisone + intrathecal

high-dose infusion, high levels of serum CAR-T cells

Neurology consultation; Brain PET-CT, brain MRI, and EEG
Rule out infection and leptomeningeal malignancy

Glucocorticoids, tocilizumab (only when accompanied by CRS), antiepileptic drugs

chemotherapy, anakinra, siltuximab, ruxolitinib,
cyclophosphamide and/or antithymocyte globulin

ICU treatment, airway protection, special nerve intensive therapy

GM-CSF granulocyte-macrophage colony-stimulating factor, MCP-1 monocyte chemoattractant protein 1, IP-10 interferon- induced protein 10

In addition to drug research, new strategies for controlling CS
are being developed and have shown promising results. These
include cytokine nanosponges, mesenchymal stem cell treatment,
and blood purification using cytokine adsorbing columns, all of
which offer potential for improved cytokine control (Fig. 9).

Cytokine nanosponges
Biological neutralization is a promising strategy for mitigating the
effects of destructive CS, in which therapeutic agents are employed to
bind with inflammatory mediators or infectious pathogens and inhibit
their bioactivity. Cellular nanosponges, consisting of cell membrane-
coated nanoparticles, are engineered as decoys for biological
neutralization purposes.>*® Cytokine nanosponges are utilized to bind
to and eliminate cytokines by presenting identical antigen epitopes as
target cells, mimicking source cells, and neutralizing cytokines to
disrupt the cytokine cascade in inflammatory disorders.
Macrophages possess a high concentration of cytokine-binding
receptors, making macrophage membrane-coated nanoparticles a
subject of extensive research for anti-inflammatory therapy. It has
been demonstrated that LPS-stimulated macrophage membrane-
encapsulated nanoparticles (LMNP) have the ability to attenuate
CS in HLH.>*® By effectively binding various cytokines, LMNP can
mitigate HLH symptoms by inhibiting CS and preventing excessive
macrophage activation. LMNP shows promise as a therapeutic
option for treating lethal HLH in both mouse models and human
patients.>*° Neutrophil membrane-coated nanoparticles, akin to
macrophage nanoparticles, have been engineered for the purpose
of neutralizing inflammatory cytokines.>**>4°

Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are a type of multipotent progenitor
cell with hematopoietic capabilities, capable of differentiation into
various mesodermal lineages.>*' MSCs possess significant immuno-
modulatory properties, exerting control over the inflammatory
responses of various immune cells such as DCs, macrophages, and
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lymphocytes.>*>>** MSCs have the ability to alter the inflammatory
environment of CD4" T cells, shifting from an effector T cell
dominant microenvironment to one rich in regulatory T cells.>*>>*
Additionally, MSCs inhibit the maturation of DCs, promoting a more
tolerogenic regulatory phenotype, and induce the polarization of
macrophages into an anti-inflammatory M2 phenotype.

Due to their potent immunomodulatory properties, the use of MSC
transplantation (MSCT) for the treatment of immune and infllmma-
tory diseases is a subject of active research.>* In 2004, the use of
MSCT to treat steroid-resistant severe aGVHD following allo-HSCT was
documented in a pediatric patient.>*” The promising results observed
in this case study sparked significant interest in the application of
MSCT for immune disorders. Subsequently, two large-scale trials were
initiated to investigate the efficacy of MSCT in treating aGVHD,
leading to further exploration of its potential in managing other
inflammatory conditions. While reports have indicated the effective-
ness of MSCT in treating severe cases of COVID-19, discrepancies have
been noted among various clinical trials.>**>>° As of the present time,
more than 1000 clinical trials investigating MSC treatment have been
recorded in the NIH Clinical Trial Database. These trials focus on a
range of diseases including pulmonary inflammation, aGVHD,
rheumatic disorders, and other inflammatory conditions. Additionally,
the development of new products such as embryonic stem cells and
induced human pluripotent stem cells has expanded the potential
clinical uses of MSC immunomodulation.

Blood purification with cytokine adsorbing columns

Blood purification therapies have been employed in the treatment
of cytokine-associated diseases, with the P2 microglobulin
adsorption column being a prominent method investigated for
hypercytokinemia resulting from various causes.”®' Animal studies
have demonstrated a significant decrease in IL-6 and TNF levels in
mice with sepsis following treatment with the B2 microglobulin
adsorption column. Similarly, human studies on sepsis patients
have shown a time-dependent reduction in plasma levels of IL-1(3,
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IL-6, IL-8, and TNF in those receiving treatment with the (32
microglobulin adsorption column.

In addition to the utilization of a 32 microglobulin adsorption
column, various other columns have been developed to target
novel cytokines and chemokines. One such example is the
polymyxin B-immobilized fiber column, which has been employed
for endotoxin adsorption therapy in septic shock patients. Most
recently, Sekiya et al. introduced a novel adsorption column (NOA-
001) designed to eliminate cytokines and activated neutrophils in
a rabbit model of ALL>*? In the pathogenesis of ARDS and ALl,
neutrophils play a crucial role in promoting inflammation through
various mechanisms, such as the release of toxic granules,
formation of NETs, deposition of platelet-neutrophil complexes
in tissues, and activation of other immune cells, ultimately
contributing to CS. Therefore, the simultaneous targeting of
cytokines and activated neutrophils may potentially halt the
progression of ARDS and ALI. Given its demonstrated efficacy in
improving pulmonary function in animal models, NOA-001 shows
promise as a potential treatment for ARDS in humans.

CONCLUSION AND PROSPECT

The main characteristics of CS include primary diseases and
complications arising from circulating cytokines, acute systemic
inflammation, and secondary organ dysfunction that surpass the
body’s compensatory capacity, ultimately resulting in irreversible
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damage. Preventing the onset of CS and enhancing survival rates
pose ongoing challenges. With persistent and intensive research
into the underlying mechanism and targeted therapies of CS,
there have been improvements in CS treatment. However, the
overall mortality rate of CS is high. For better control of CS and its
subsequent organ damage, three principles are to be followed:
comprehensive integration of treatment, targeting the key
mediator of different conditions, and choosing the better selective
therapy with fewer off-targets.

Comprehensive integration of treatment is highly needed,
because the pathophysiology of CS encompasses disturbance
from molecular, cellular, organic to systemic levels. The first
integration is combination of multiple blockers or modulators of
CS signaling. One good example is the treatment for HLH, in which
CS signaling is targeted in various ways.>>> The treatment of HLH
basically comprises two phases: controlling overwhelmed CS with
chemotherapy to eliminate activated T cells and inhibit inflam-
matory cytokine production, and subsequently replacing the
defective immune system by allo-HSCT.>>* Additionally, IFN-y
antibody (emapalumab) is also applied for HLH treatment. Other
target therapies such as JAK inhibitors, and CD20 antibody are also
under investigation for treating HLH.>*>® The second integration is
combination of multiple forms of medical intervention, including
drug therapies, respiratory support with mechanical ventilation,
circulatory support with IABP/ECMO, renal support with CRRT etc.
This applies to CS control of all the clinical situations, such as FM,
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ARDS, HLH, aGVHD, CAR-T related CRS.*’%#%¢%°>>%% The third
integration is multidisciplinary cooperation. Because CS is a
systemic inflammatory state, multiple organ might suffer to
different extents. Multidisciplinary teamwork contributes to early
recognition and better preservation of organ function.>’

Identifying the key mediator of specific conditions provides
information for diagnostic biomarkers and target therapies.
Several common pathways, such as TLRs, JAK/STAT, NLRP3
inflammasome, and NETs, are activated to produce massive
inflammatory cytokines across various CS scenarios. The dominant
signaling pathway and key inflammatory mediator are different in
each disease. Applying improper targeted therapy may lead to
ineffective treatment or even harmful consequence. For example,
in rheumatic diseases and MAS, TNF blocking is effective.
However, the effect of TNF blocking in HLH is yet uncertain.
There were even reports suggesting that anti-TNF therapy could
indirectly induce HLH or worsen inflammation.>*® Therefore, it is of
great importance to identify the key mediator.

Pharmacological evolution for more selective therapy with less
off-target effects makes the treatment safer. A well-studied
example is JAK- inhibitors. The first generation JAK inhibitors
have been approved for controlling CS in aGVHD and rheumatic
diseases and showed efficacy in treating ARDS.>>® However, due to
insufficient selectivity, these inhibitors also have off-target effects.
They increase the risk of severe and opportunistic infections, and
lead to anemia and decreased counts of lymphocytes, NK cells,
neutrophils and platelets.>*%*%" Therefore, the next generation of
JAK inhibitors with better selectivity have been under exploration.
Their therapeutic efficacy and safety are to be investigated.

The future of CS management lies in a multifaceted approach
that combines cutting-edge technologies, such as omics, artificial
intelligence (Al), targeted drug delivery, gene editing, and
biomaterials, with advanced life support systems and organ
replacement therapies. These innovations will lead to more
effective, precise, and personalized treatments, offering hope for
improved outcomes in patients suffering from CS.

For deeper insight into CS, advancements in omics technologies
will provide an unprecedented view of the complex molecular
networks driving CS. The high-throughput omics technologies,
such as genomics, transcriptomics, proteomics, and metabolomics,
allow for the identification of specific cytokines, signaling path-
ways, and cellular processes involved in the initiation and
escalation of the inflammatory response. By combining these
technologies with single-cell RNA sequencing (scRNA-seq),
researchers can now map the single-cell atlas of CS. The detailed
molecular profiling provided by these techniques offers a better
understanding of the immune cell populations and their roles in
driving inflammation, enabling the discovery of novel therapeutic
targets for more precise intervention.

For early diagnosis of CS, Al and deep machine learning models
hold great potential in predicting CS. By analyzing vast datasets
from electronic health records, biomarkers, and clinical imaging, Al
models can identify early signs of CS development before it
progresses to life-threatening stages. These predictive models can
be integrated into early-warning systems, enabling clinicians to
take timely action. Additionally, machine learning algorithms can
help in stratifying patients based on their likelihood of developing
severe CS, thus allowing for personalized treatment regimens.

For better treatment of CS, novel treatments might offer new
options besides drug therapies. The upgrading of biomaterials
may lead to the generation of new materials with broad
adsorption spectrum of cytokines to cool down CS directly and
rapidly. In addition, targeted drug delivery systems have the
potential to revolutionize the treatment of CS. Technologies such
as liposomes, nanoparticles, and microspheres can be engineered
to deliver anti-cytokine agents directly to inflamed tissues or
immune cells, ensuring high local concentrations of drugs while
minimizing systemic toxicity. These delivery systems can be
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activated by specific stimuli (such as pH or temperature changes)
that are characteristic of the inflammatory microenvironment,
allowing for precise targeting of cytokines involved in the storm.
Furthermore, the emerging field of gene editing using technol-
ogies like CRISPR-Cas9 holds tremendous potential for treating CS.
One promising approach is the genetic modification of MSCT to
enhance its anti-inflammatory properties. Gene editing could be
used to modify MSCTs to express cytokine inhibitors or suppress
inflammatory pathways, thereby reducing the severity of CS.

In cases of severe CS, advanced life support technologies and
organ replacement are critical in sustaining life. Based on the
current life support technologies such as ECMO, ventilation, and
CRRT, a new generation of life support may aim to improve
treatment efficacy and reduce side effects. Integrating these
systems with real-time monitoring of inflammatory biomarkers will
enable more personalized and responsive care. For patients
suffering end stage organ failure with severe CS, organ replace-
ment could be life-saving. To overcome the lack of organ from
human donors, organ replacement from other species and
artificial organs offers new choice. There has been exploration in
transplanting pig heart to patients with end stage heart failure.”?
The integration of organ-on-chip technologies and bioprinting
would eventually enable the creation of functional organs for
transplantation or as temporary supports until donor organs
become available.

While the development of new therapies for CS is exciting, it is
essential to remain vigilant regarding the potential for
therapeutic-induced CS. Some treatments, particularly immune-
modulating therapies or CAR-T cell therapies, can inadvertently
trigger excessive CS in certain individuals. Monitoring for early
signs of CS in patients undergoing these treatments is crucial to
prevent harm and ensure the safe administration of novel
therapies. As research in these fields progresses, we are likely to
see significant improvements in managing this life-threatening
inflammatory response.
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