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Cytokine Storm

David C. Fajgenbaum, M.D., and Carl H. June, M.D.

HE SEVERE ACUTE RESPIRATORY SYNDROME CORONAVIRUS 2 (SARS-COV-2)
pandemic has reminded us of the critical role of an effective host immune
response and the devastating effect of immune dysregulation. This year
marks 10 years since the

and 27 years since the term was
first used in the literature to describe the engraftment syndrome of

2 The
> was coined to describe a similar syndrome after
infusion of muromonab-CD3 2 Cytokine storm and cytokine release syn-
drome are life-threatening systemic inflammatory syndromes involving elevated
levels of circulating cytokines and immune-cell hyperactivation that can be trig-
gered by various therapies, pathogens, cancers, autoimmune conditions, and
monogenic disorders.

From a historical perspective, cytokine storm was previously referred to as an
influenza-like syndrome that occurred after systemic infections such as sepsis and
after immunotherapies such as Coley’s toxins.*

to produce excessive amounts of resulting in cytokine
storm.> An exaggerated immune response was suspected to contribute to the lethal-

ity of the 1918-1919 influenza pandemic. In fact, a
as compared with common reference strains of

the virus that causes influenza A
¢ Recognition that the

and that similar cytokine
storm syndromes could occur with no obvious infection led to the investigation of
immunomodulators and cytokine-directed therapies. One of the earliest targeted
therapies for abrogation of a cytokine storm was the _ﬁ
monoclonal ii which was developed for the treatment of idio-
pathic multicentric Castleman’s disease in the 1990s. A host of other disorders
have been described as causes of cytokine storm and targeted with immune-di-
rected theraiiesl such as sepsis, primary and_

autoinflammatory disorders, and coronavirus disease 2019

(Covid-19).
No single definition of cytokine
widely accepted, and there is

or the cytokine syndrome is

The National Cancer Institute’s definition,
based on the Common Terminology Criteria for Adverse Events (CTCAE), is too
broad, since the criteria for an inflammatory syndrome can also apply to other
physiological states, and the definition of the American Society for Transplanta-
tion and Cellular Therapy is based on criteria that focus too specifically on iatro-
genic causes of cytokine storm alone.” Although cytokine storm is easy to identify

in disorders with elevated cytokine levels in the absence of pathogens, the line
ﬁ es-
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MAS-Component of Cytokine storm syndrome

IL-1 is the key player in this innate immunity loop, not IL-6
AUTOINFLAMMATORY LOOP

Tissue
domage Fever (IL-1)
Ferritin (IL-18)
CRP (IL-6) Ncutrophlls
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pecially considering may

an

to the host. The
these inflammator

response.

It is important for the clinician to recognize
cytokine storm because it has prognostic and
therapeutic implications. In this review, we pro-
pose a unifying definition of cytokine storm;
discuss the pathophysiological features, clinical
presentation, and management of the syndrome;
and provide an overview of iatrogenic, pathogen-
induced, neoplasia-induced, and monogenic
causes. Our goal is to provide physicians with a
conceptual framework, a unifying definition,
and essential staging, assessment, and therapeu-
tic tools to manage cytokine storm.

CLINICAL FEATURES AND
LABORATORY ABNORMALITIES

is an umbrella term encompass-
ing several disorders of
characterized by constitutional symptoms

that can lead to multiorgan
equately treated (Fig. 1). The onset and duration
of cytokine storm vary, depending on the cause
and treatments administered.” Although the ini-
tial drivers may differ, late-stage clinical mani-
festations of cytokine storm converge and often

patients with cytokine storm
and the fever may be h grade in

cases.® In addition, patients may have fa-

findings.

These symptoms may be due directly to cytokine-
induced tissue damage or acute-phase physio-
logical changes or may result from immune-

with either vascular occlusion or catastrophic
hemorrhages, dyspnea, hypoxemia, hypotension,
hemostatic imbalance, vasodilatory shock, and
death. Many patients have‘ symptoms,
including cough and tachypnea, that can prog-
ress to acute respiratory distress syndrome
, with hypoxemia that may require me-

chanical ventilation. The combination of’
and

ith citokine storm at

counts places patients w
high for spontaneous

cell-mediated responses. Cases can progress

In severe cases of cytokine storm

also develop.’ The combination of renal dysfunc-

can lead to

with high-dose
rologic toxicity associated with T-cell immuno-
therapy is referred to as immune effector cell-
associated syndrome or

toxic effects are often
developing several the onset of the
cytokine storm.

The laboratory findings in cytokine storm are
variable and influenced by the underlying cause.
Nonspecific markers of inflammation such as
C-reactive protein are universally elevated
and correlate with severity."! Many patients have

and various blood-count
abnormalities, such as

levels. Changes in circulating cell
counts are most likely due to a complex interplay
among cytokine-induced changes in production
and mobilization of cells from the bone marrow,
immune-mediated destruction, and chemokine-
induced migration. Prominent_in serum
inflammatory levels, such as
or CXCL9 and CXCL10
duced by interferon-vy), interleu-
kinl and soluble interleukin-2 receptor alpha,
a marker o are usually present.
Highly elevated serum are
found in therapy—-induced cytokine
storm and several other cytokine storm disorders.?
The approach to evaluating a patient with
cytokine storm should accomplish the following
three main goals: identifying the underlying dis-

, establishin and deter-
mining the clinical A complete workup
for infection, as well as laboratory assessment of
kidney and liver function, should be performed
in all suspected cases of cytokine storm. Mea-
surements of inflammatory acute-phase bio-
markers, such as and and blood
counts should be obtained, since they correlate
with disease activity. Arterial blood-gas measure-
ment should be performed if the respiratory evalu-
ation warrants it. Cytokine profiles may be helpful
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CYTOKINE STORM

Lungs

« Pneumonitis

« Pulmonary edema

« Dyspnea, hypoxemia
« ARDS

Liver

« Hepatomegaly

« Elevated liver enzymes
« Hypoalbuminemia

« Liver injury

« Cholestasis

« Liver failure

Kidneys
« Acute renal dysfunction or injury
« Renal failure

Vascular@ndymphaticSystems

« Cytopenia, anemia, leukocytosis
« Coagulopathy
. increase in other

acute-ihase reactants (e.g.,-
« Elevated cytokines (e.g. _
interleukinl v) and growth

factors (e.g., VEGF)

« Endothelial damage and vascular
permeability

T —

« Vasodilatory shock

« Spontaneous hemorrhage

« Lymphadenopathy

Nervousisystem
« Confusion

« Delirium

« Aphasia

« Seizures

Constitutional[Symptoms

« Fever
« Anorexia
« Fatigue

(Heart

« Hypotension

« Tachycardia
« Cardiomyopathy

Rheumatologicisystem

« Vasculitis
« Arthritis, arthralgia

GastrointestinalSystem

« Nausea
« Vomiting
« Diarrhea
« Ascites

Skin
« Rash
« Edema

Figure 1. _nytokine Storm.

A wide range of clinical and laboratory abnormalities can be observed in cytokine storm. However, all cases involve elevated circulating
cytokine levels, acute systemic inflammatory symptoms, and secondary organ dysfunction (often renal, hepatic, or pulmonary). ARDS
denotes acute respiratory distress syndrome, CRP C-reactive protein, and VEGF vascular endothelial growth factor.

in determining the trend from baseline values,
although these findings are typically not avail-
able soon enough to include as part of the im-
mediate workup or to guide treatment decisions.
Establishing the disorder und
kine storm can be challengin

and it can en-

compass many disorders. For
may have
ever, it is important to between cyto-
kine storm due to an iatrogenic cause such as

-Icell therapy and cytokine storm due to
systemic i since

treatments could be if used in pa-

N ENGL J MED 383;23

erliini the cito-
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from cytokine storm
on the basis of clinical features alone. Levels of
serum cytokines — most prominently,

— are often in patients
with cytokine storm due t therapy
in patients with induced cytokine
storm, who often have levels of circulat-
ing interleukin and markers
of endothelial damage.’? Thus, combinations of
assays to rule out infection and measure serum
cytokines can help to identify the cause of the
cytokine storm. However, CAR T-cell therapy
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and other noninfectious causes can also occur
with infections, and infections can develop dur-
ing the course of therapy, so continued monitor-
ing for infections is warranted. Disorders that
should be in considering cytokine
storm include and physiological re-
sponses to microbial
The grading systems used to predict and as-
sess the severity of cytokine storm differ accord-
ing to the cause. Serum biomarkers, including
glycoprotein 130 (gp130), interferon-y, and inter-
leukin-1-receptor antagonist (ILIRA), can be used
to predict the severity of cytokine storm induced
by CAR T-cell therapy,”® with a separate gradin
scale used to assess the current severity.”
and MS score are used for classifying
ciated cytokine storm, and HLH-2004 guides
treatment. For the grading of cytokine storm due
to other causes, the immune systems disorders
section of CTCAE is used (https://ctep.cancer.gov/
protocolDevelopment/electronic_applications/docs/
CTCAE_v5_Quick_Reference_5x7.pdf).

FEATURES
OF CYTOKINE STORM

Inflammation involves a set of biologic mecha-
nisms that evolved in multicellular organisms to
contain invasive pathogens and resolve injuries
by activating and - re-
sponses. The immune system is

expected to
recognize foreign invaders, respond

to the pathogen burden, and then return to
homeostasis. This response requires a -
between sufﬁcientﬁ production to elimi-
nate the pathogen and avoidance of a hyperin-
flammatory response in which an overabundance
of cytokines causes clinically significant collat-

eral damage. lay a key role in -

ing regulatory signals that direct, amplify, and
resolve the immune response. have
them
tissue and
Although typically con-
sidered to be pathologic, sustained production of
cytokines that leads to elevated circulating levels
may be necessary to appropriately control some
disseminated infections. At increased levels, cyto-
kines can have systemic effects and cause col-
lateral damage to vital organ systems.

e ot oo I

EBV]-associated hemophagocytic lymphohistiocytosis
, an inappropriate response with an*

and cytokine production (e.g., in chi-

meric antigen receptor ell therapy) or an
response due to immune evasion (e.g., in E
or to terminate homeostasis or to

(e.g., in . Examples of drugs that can inhibit
signaling pathways are shown in boxes. Covid-19 denotes
coronavirus disease 2019, CS cytokine storm,
, IP-10 interferon-inducible
protein 10, JAK-STAT3 Janus kinase—signal transducer

and activator of transcription 3, MAPK mitogen-activated
protein kinase, MCP-1 monocyte chemotactic protein 1,
MIP-1a macrophage inflammatory protein la, mTOR

mammalian target of rapamycin, NF-«xB nuclear factor B,
TNF tumor necrosis factor, and Tregs regulatory T cells.

can occur as a result of

in cytokine storm

or danger sensing, with a response i
the of a (e.g., in genetic disor-

ders involving inappropriate inflammasome ac-
tivation or idiopathic multicentric Castleman’s
disease); an or ampli-
tude of response, involving effector

mechanisms that
are meant to prevent hyperinflammation and
the overproduction of inflammatory cytokines
and soluble mediators. The excessive cytokine
production leads to hyperinflammation and mul-
tiorgan failure. ﬁ. types, decoy re-
ceptors for proinflammatory cytokines such as
IIRA. and
interleukin-10 are important for
inflammatory-cell populations and
immune
Given the
cytokine storm™ and
distinction between cytokine
inflammatory response, we propose the

for
about the
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CYTOKINE STORM

( Potential triggers and initiators

/K causes

(e.g., cell therapy,
blinatumomab, other T-cell engaging
immunotherapies, gene therapies).

Ny o
\/ Monogenic and (( p

W (@ Driver cells
--T cells ., Cli*)

- Innate antigen-presenting cells
i dendritic cells)

“(e.g., bacterial sepsis,
EBV-associated HLH, Covid-19)

1

autoimmune disorders \
(e.g., autoinflammatory disorders, ~
primary or secondary

@ . Tregs mesenchymal stem cells Inadequate

cytokme receptors { ILllA)
1/_\( . regulation
& -s (interleukincl
o

O

production leading to
excessive circulating

Bilokine levels {anti-interleukin-1
receptor antagonist)

Immune hyperactivation

. Inappropriate-or danger sensing

negative

« Failure to resolve inflammation
and return to homeostasis

Cyt kine storm ./

Chemokines <—>
(e.g.» MCP-1, MIP-1a)

Emapalumab '—i Interferor.

(e,
therapy—mduced CS)

(e.g., sepS|s induced CS)

{anti-interleukin-6

\ receptor antibody)
Interleukl — Interleukm 17

-activationn of signaling pathways
F ] l 1 T - oo L.
—
Moo © 1

@ Acute systemic inflammatory effects

@ Secondary organ dysfunction (e.g., hepatic, renal, pulmonary)

Cytokine-induced
_damage” Dysfunction due to inflammation beyond normal response to pathogen
(if pathogen present)
Cytokine-driven dysfunction (if no pathogen present)

Multiorgan failure

Death
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_Fhl__
CCR1 45? A

-)eﬁ'ector
subgroups

i

Basophils

colffgEl  econeses
Dendriece
=

RS B XCR3 &\ T-bet
ccrs 2 (RN CXCRS B .
CXCR3g: / D8 gt °Tes
cos LT 8F = oA
. Interleukin-4 LA “Interlelikin-17 " Interfaron-y
Interleukin-2 0 Interleukin-9 . .
Interleukin=5 X Interletikin-21 Perfprin .
Interferon-y ki Interleykin-10 ° ebki i
enzymes) o Interlegikin-13 d ~ ) Interlepikin-22- Gran Z)Cme
Recruftment Recrujtment Recrultment Recruftment Cytotgxicity
-cells Virally infected

cells

for the following T-cell subgroups: types 1, 2, 9, and 17 helper T (Thl, Th2, Th9,

The master transcription factors (T-bet, GATA-3, PU.1, RORyT, and eomesodermin [eomes]), effector molecules, and cell targets are shown

and Thl7, respectively) cells and cytotoxic T lymphocytes.

levels, acute

and either
(often renal, hepat-
ic, or pulmonary) due to inflammation beyond
that which could be attributed to a normal re-
sponse to a pathogen (if a pathogen is present),
or any cytokine-driven organ dysfunction (if no

pathoien is iresent).

with
tory agents further
of excessive cytokines and the classification of a
condition as a cytokine storm. However

because underlying condi-
tions are likely to play a part, a different cyto-
kine may be the disease driver, or the timing of
treatment may have been poor.

than the immediate

the immune response. Thus, an
dto a large pathogen burden

N ENGL ) MED 383,23
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may be appropriate for controlling the infection
if excessive secondary organ dysfunction does
not occur, whereas similarly high levels of cyto-
kines in cancer-associated HLH or idiopathic
multicentric Castleman’s disease would be con-
sidered a pathologic state of cytokine storm be-
cause no pathogen requiring an immune re-
sponse is involved and patients benefit from
treatment with cytokine neutralization and other
antiinflammator

accurately
measurements may not be easily obtained world-
wide. We do

above the normal
range, and we do
or list particular cytokines whose
levels must be elevated, given the
However, we believe that this is an
important area for future research and could
benefit from systematic assessment by a multi-
disciplinary consortium.
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CYTOKINE STORM

cells recruit 8 An
system are the exaggerated Thl-type inflammatory response
often occurs during cytokine storm.

CELL TYPES INVOLVED IN CYTOKINE STORM 17 helper T
The cells of the
of defense against pathogens.
recognize
and engulf patho-

induce

pathogens, produce
gens and cells by
other innate immune cells, such as
cells, gamma-delta T cells, and
cells use
which are
any particular antigen, to and respond
to a wide variety of microbial invaders b}i iro-

granule-
mediated or tumor cells
by CTLs is a aspect of some forms of cyto-
kine 2 Data from mouse models of HLH
and patients with cytokine storm indicate that
efficiently leads to
of triggering a cas-
cade of inflammatory tissue damage.?** Th17
cells have a major role in host defense

ing cytokine storm. which are

larly antifungal protection, and
H can lead to
that are often experimental model of
they have h (a
diverse functions, from the fh evidence that

cells by engulfment, to tissue and immu-
noregulation, to antigen presentation. In many

forms of cytokine storm, macrophages become

, ultimately causing severe tissue damage
that can lead to organ failure.

cells of the

formation and

cells are
genesis of cytokine However, the effec-
tiveness of B-cell depletion in treating some cyto-
kine storm disorders, such as human herpesvirus
8 (HHV-8)—associated multicentric Castleman’s
are often observed disease, suggests that these cells are capable of
biopsy specimens from patients with cyto- initiating or propagating cytokine storm, particu-
kine storm. can hemophago- larly when virally infected.
and this may contribute

As noted above, the recognition of cytokine

storm as an entity is relativel The advent
of mBledtlas lonifg led to the
discovery of the panoply of cytokines and chemo-
kines involved in cytokine storm (Table 1); the
realization that diverse entities can cause cyto-
kine storm (Table 2) also contributed to its rec-
system is composed of ognition. The administration of
cells ‘ into a h (e.g., interleukin-1, interleukin-6, inter-
leukin-12, interleukin-18, tumor necrosis factor
[TNF], and interferon-y) in animal models and
cells and for in humans induces severe
are primarily respon- toxic effects or lethality consistent with the cen-
tral role of cytokines as
in cytokine storm.”? Conversely,
reduction in symptoms and
an function with
with also reveal

whereas type
cells recruit type 9
helper T cells recruit cells, and type

N ENGL J MED 383;23 NEJM.ORG DECEMBER 3, 2020

The New England Journal of Medicine
Downloaded from nejm.org on December 7, 2020. For personal use only. No other uses without permission.
Copyright © 2020 Massachusetts Medical Society. All rights reserved.

2261


John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel

John Vogel


The NEW ENGLAND JOURNAL of MEDICINE

Tabl 1. Soluble Meditors inCokine Storm.

Mediator

Cytokines and growth
factors

Interleukin-2

Interleukin-9

Interleukin.

Interleukin-12
Interleukin.
Interleukin-18

Interleukin-33

Interleukin/8 (CXCL8)
MIG (CXCL9)

IP-10 (CXCL10)
MCP-1 (CCL2)
MIP-1a (CCL3)
MIP-18 (CCL4)

BLC (CXCL13)

Main Gell Soice

Type and -

_ epithelial cells; pyroptotic cells malarmin cytokine;-function,_
an c

T cells

WiEahgeS I ! el c!:

Th9 cells

RegUREan e T cels

Dendritic cells, macrophages

Thl7 ceIIs,-ceIIs, group 3 innate lymphoid
cells

Monocytes, macrophages, dendritic cells

Macrophages, dendritic cells, mast cells,
epithelial cells

q, group 1 innate lymphoid
cells, and NK cells

ERETBRAEES I ol K cls, il e
-cells

Macrophages, epithelial cells

Monocytes, endothelial cells, keratinocytes
Monocytes, endothelial cells, keratinocytes
Macrophages, dendritic cells, cardiac

myocytes

Monocytes, neutrophils, dendritic cells, NK
cells, mast cells

Macrophages, neutrophils, endothelium

B cells, follicular dendritic cells

Hepatocytes

Hepatocytes, other cells

ell activation

Effector T-cell and regulatory T-cell growth factor

_cytokine; function increased-
production, induction o

Protection from helminth infections, activation of mast cells,
association with type | interferon in Covid-19%

eytokine B of <1 arc GEGkiE

Activation of the Th1 pathway; induction of interferon-y from Th1l
cells, CTLs, and NK cells; acting in synergy with interleukin-18

Promotinﬁ neutroihilic inﬂammation,_
Proinflammatory alarmin cytokine; activation of Thl pathway, acting
in synergy with interleukin-12

Proinflammatory alarmin cytokine; amplification of Th1 and Th2
cells, activation of NK cells, CTLs, and mast cells

\ncressin FASEHIEHBERIEABIE BHGRERT frction
pronfiammatoryctokine

Recruitment of neutrophils

Interferon-inducible chemokine; recruitment of Th1 cells, NK cells,
plasmacytoid dendritic cells

Interferon-inducible chemokine; recruitment of macrophages, Thl
cells, NK cells

Recruitment of Th2 cells, monocytes, dendritic cells, basophils

Recruitment of macrophages, Th1 cells, NK cells, eosinophils,
dendritic cells; pyrogenic function

Recruitment of macrophages, Th1 cells, NK cells,
dendritic cells

Recruitment of B cells, CD4 T cells, dendritic cellst

Monomeric CRP and-l secretion;
_increases expression

Complement activation contributes to in cytokine
storm; can immunopathologic
effects of cytokine

priary st of iGN SEOTAGEIEEIR

* BLC denotes B-lymphocyte chemoattractant; Covid-19 coronavirus disease 2019; CRP C-reactive protein; CTLs cytotoxic T lymphocytes;

CXCL C-X-C motif chemokine ligand;

granulocyte—macrophage colony-stimulating factor; IP-10 interferon-inducible protein 10;

MCP-1 monocyte chemoattractant protein 1; MIG monokine induced by interferon-y; MIP-1a and MIP-18 macrophage inflammatory pro-

tein la and 1B, respectively; NK natural killer; Thl, Th2, Th9, and Th17 cells types 1, 2, 9, and 17 helper T cells, respectively; and VEGF

vascular endothelial growth factor.
T In idiopathic multicentric Castleman’s disease, the levels of CXCL13 are the most elevated of all the cytokines or chemokines.
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CYTOKINE STORM

Table 2._ Pathologic Drivers, and_Approaches.*

Pathologic Cellular or Cytokine

Type of Cytokine Storm
and Cause

latrogenic

-cell therapy

Blinatumomab

Infusion of CAR T cells Macrophages, CART cells, inter-

leukin-6, interleukir-

Activated T cells, macrophages,
interleukin-6

Infusion of CD19- and CD3-specific
T-cell receptor—engaging antibody

Pathogen-induced

et s
-associated-

HHV-8-associated MCD

Heterogeneous and multifacto-
rial drivers

EBV infection in patient with- _TNF, CD8+ T cells
susceptibility

HHV-8 infection in patient with HIV
coinfection, genetic susceptibility,
or both

Hematogenous bacterial infection

Viral interleukin-6, interleukin-6

Unknown driver

Covid-19
Monoienic and-

Primary HLH

Secondary HLH, or MAS

SARS-CoV-2 infection, potentially in a
susceptible person

Germline mutation in genes regulating CD8+ T cells, interferon-y
granule-mediated cytotoxicity

cause (EBV or CMV),
disorder (rheumatoid arthri-
tis or adult-onset Still’s disease), or

disorder in patient with

genetic susceptibility _

Germline mutations in genes regulat- -cells,- interleukin-18
ing the innate immune system and
inflammasome activation

cells, interferonl
interleukin myeloid-cell
autoinflammation

!isor!ers

Idiopathic MCD Interleukin-6, activated T cells,

mTOR

Unknown cause

Common _ Approaches

Anti—interleukin-6 antibody, gluco-

corticoids

Intravenous antibiotics

B e

B-cell-depleting therapy

T-cell inhibition or ablation, inter-
feron-y inhibitor, glucocorticoids

Treatment of the underlyin

ablation,

AK1 and JAK2 inhibitors,
ARETFRIBES B
antibody

Anti-interleukin-6 antibody, siroli-
mus, cyclosporine, cytotoxic
chemotherapy, glucocorticoids

* CAR denotes chimeric antigen receptor, CMV cytomegalovirus, Covid-19 coronavirus disease 2019, EBV Epstein—Barr virus, HHV-8 human
herpesvirus 8, HIV human immunodeficiency virus, HLH hemophagocytic lymphohistiocytosis, JAK1 Janus kinase 1, JAK2 Janus kinase 2,
MAS macrophage activation syndrome, MCD multicentric Castleman’s disease, mTOR mammalian target of rapamycin, and SARS-CoV-2

severe acute respiratory syndrome coronavirus 2.

and

that excessive levels of certain cytokines play a ed b
critical role in a number of cytokine storm dis-
orders.

A complex, interconnected network of cell
types, signaling pathways, and cytokines is in-
volved in cytokine storm disorders.

of

ness, and fatigue.’!
antibody that
approved for the
patients with

that often have elevated
levels in cytokine storm and are thouiht to have

- immunopatholo ic- The of
cytokine elevations i on the basis of such

—associated cytokine storm, although in the
latter case, it may diminish antitumor effects.

cells and is a
Clinically,

interferon-y causes fever, chills, headache, dizzi-

a monoclonal
was recently

of cytokine storm in
32 This agent may

factors as the microbiome, genetic features, and
underlying disorders.*® The specific immune cells
that secrete the various cytokines are

-and most likely vary among cytokine
storm disorders. i is primarily secret-

N ENGL J MED 383;23

NEJM.ORG

a clinical hallmark of cytokine storm,
can be elicited by interleukin-1, interleukin-6, or
TNF through distinct mechanisms. Interleukin-1
is encoded by two genes (IL1A and IL1B), both of
which bind to the same interleukin-1 receptor,
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activating a cascade of intracellular signaling

pathways, including nuclear factor kB (NF-«B).

is effective as a single agent and in combination
with other agents for the of some
forms of cytokine 334
Levels o an important mediator
of the acute inflammatory response and patho-
physiological features of cytokine storm, are high-
ly elevated across various underlying immuno-
pathologic disorders®* and in mouse models of
cytokine storm.” Both a monoclo-
directed at the interleukin-6
which
interleukin-6 have been shown
to be effective in a number of cytokine storm
disorders, including- idiopathic multicentric
Castleman’s disease, and _induced
cytokine storm.*®
is one of the more

cyto-
kinesl since it is froduced by and acm

and cells across multiple organ sys-
tems. It can signal through two main pathways,
referred to as classic cis signaling and trans
signaling.®® The membrane-bound interleukin-6R
does not possess intracellular signaling domains
but signals instead through interaction with
membrane-bound gp130. In cis signaling, soluble
interleukin-6 binds to membrane-bound interleu-
kin-6R, forming an interleukin-6-interleukin-6R
complex that binds to gp130, which then initi-
ates signaling through its intracellular domain.

Downstream signal transduction is mediated by
i) and STAT3 (signal transducer
and activator of transcription 3), as well as by Akt—
mTOR (mammalian target of rapamycin) and
MAPK-ERK (mitogen-activated protein kinase—
extracellular signal-regulated kinase) pathways.
Membrane-bound gp130 is ubiquitously expressed,
whereas expression of membrane-bound inter-
leukin-G6R is restricted largely to immune cells.
Activation of cis signaling results in pleiotropic
effects on the immune system, which can con-
tribute to cytokine storm.*® In the presence of
high circulating levels of interleukin-6, which can
be present in cytokine storm, trans signaling
occurs through the binding of interleukin-6 to
the soluble form of interleukin-6R, forming a
complex with a gp130 dimer on potentially all
cell surfaces. The resultant interleukin-6—-soluble
interleukin-6R-gp130-JAK-STAT3 signaling is
then activated in cells that do not express the
membrane-bound interleukin-6R, such as endo-

N ENGL ) MED 383,23

NEJM.ORG

thelial cells. This results in systemic hyperin-
flammation involving secretion of monocyte
chemoattractant protein 1 (MCP-1), interleukin-8,
and additional interleukin-6, as well as increased
vascular endothelial growth factor (VEGF) and
reduced E-cadherin expression on endothelial
cells, which contribute to vascular hyperperme-
ability, leakiness, hypotension, and pulmonary
dysfunction.®

. is a—
that belongs to the TNF-TNF

receptor superfamily. In addition to inducing
fever, augmenting systemic inflammation, and
activating antimicrobial responses such as inter-
leukin-6, can induce h- and
regulate immunity. TNF and other cytokines in
the TNF-TNF receptor superfamily are potent

in certain

conditions
points to their potential role in the treatment of
cytokine storm, but the limitations and
of in patients with

dicate that more work is needed.
is a member of the large inter-
leuki ? that has recently been associated
with cytokine storm disorders. Interleukin
i are activated from

in-

is a multi-
patho-
and sterile stressors and
during the process of pyrop-
tosis, which, in turn, causes the precur-
sor forms o and interleukin-18 to
become the forms.*#? and
dendritic cells are the primary
tive- which has many
matory effects. Most important, it synergizes with
interleukin-12 or interleukin-15 to
cretion of from

and thus type
sponses. The interleukin-18 receptor is constitu-
tively expressed on NK cells and induced on

activation in most T cells. and
are also inducers of

from macrophages.®
Patients with cytokine storm due to
have levels of
in serum,* and interleukin-18 is a
that correlates with hyper-

molecular

interleukin

biomarker o
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CYTOKINE STORM

elevated _ levels,
and disease flare.” The proinflammatory effects
of interleukin-18 are normally kept in check by
the interleukin-18-binding protein (IL18BP), which
prevents the binding of interleukin-18 to its re-
ceptor.* The ratio of free interleukin-18 to bound
interleukin-18-IL18BP complexes in serum is an
important indicator of the severity of the macro-
phage activation syndrome.*** Tadekinig alfa is
a recombinant IL18BP currently under investiga-
tion as a treatment for hyperinflammation.
are a

tribute to a variety of
includingi and trafficking.

Dysregulated trafficking during inflammation
may have a role in hyperinflammation. Numerous
regulatory cytokines such as and

such a serve
systemic off-target effects.
Interleukin the production of
interleuki interleukinl and interleukin-12
and down-regulates antigen presentation. Further-
more, in mice lacking interleukin-10, infection
leads to cytokine storm.*® Though interleukin-10
and IL1RA are often elevated in cytokine storm,
this finding most likely reflects a secondary,
albeit insufficient, counterregulatory response
to the proinflammatory cytokines.
therapeutic agent that

immunoreiulatorg effects of|

and other inflammatory mediators can
to the pathogenesis of cytokine storm. These
soluble proteins

roteins

and provide feedback on cyto-

Thus, complement can be highly effective in
eliminating microbes but can also cause collat-
eral damage if excessive.
resulting from increased
mune complexes, can be observed in
4 Complement inhibitors are under evalua-
tion for the treatment of cytokine storm disorders.

__ CYTOKINE STORM

cytokine storm, with
and interleukin{6.*° The highly acti-
vated CAR T cells are clearly the initiators of the

cytokine storm. Although some studies suggest
that the driver cytokines are released by CAR T
cells, resulting in a positive feedback loop of T-cell
activation and inflammatory cytokine release,”
recent studies in mice suggest that the cytokines
and factors mediating the severity of cytokine
storm are produced not by the
macrophages and can be

likely also contributes to the cytokine storm
through the induction of pyroptosis in target
cells.” Sinc -i
at symptoms and organ dys-
function in most patients, it is the likely cyto-
kine driver of cytokine storm induced by CAR
T-cell therapy.
inhibition can
of this type of cytokine storm.

as well, such as
blinatumomab, a bispecific antibody that binds
to CD19+ and CD3+ T cells.>® Like CAR T cells,
and
propagates blinatumomab-
induced cytokine storm, which also responds to
anti-interleukin-6 antibody therapy.>® The unfor-
tunate consequences of another T-cell-activating
treatment with the superagonist
TGN1412 show that

after infusion?’ However,
cytokine storm does i patients
treated with cells or blinatumomab, so
additional factors, such as CAR structure and
design,’! disease burden,”® and
background,” are likely to play a part. In a re-
cent study of NK-cell CAR therapy, there were no
reported cases of cytokine storm or even elevated
interleukin-6 levels,*® possibly because of lower
interleukin-6 production by NK cells than by T cells

ism agents such as
and Francisella tulatensis.

PATHOGEN-INDUCED CYTOKINE
STORM

Cytokine storm can also result from naturally
occurring Though data on
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relative frequencies are limited, infections are

‘ Distinguishing between appropriate

cytokine production for controlling a wide-
spread infection and excessive cytokine produc-
tion is challenging. Disseminated bacterial in-
fections causing sepsis induce the production of
many cytokines that can lead to fever, cell death,
coagulopathies, and multiorgan dysfunction. The
collateral damage caused by the immune re-
sponse as it attempts to clear the pathogen can
be more deadly than the pathogen itself. Certain

per milliliter are
an uncontrolled manner, resulting in fever, shock,
and death.

In sepsis-associated cytokine storm, it is un-
clear which immune cell types and cytokines may
be responsible for propagating the pathologic
hyperinflammation. Antibiotics are the main-
stay of treatment. The administration of mono-
clonal directed at
or medical devices to
from circulation have had gen-
in clinical trials
Although the timing of treatment in these stud-
ies may have contributed to the lack of benefit

. For example, reanalysis of a negative
in patients with

sepsis identified a of patients with .
ﬁ- levels who seemed to-from

the treatment

infections can also induce
profound cytokine Patients with hyperin-
flammatory responses to microbes often have
-mﬁ effector and regu-
latory mechanisms, or of inflamma-
tion. For example, patients functional

which is critical for resolving infec-
tions and inflammation, have

associated cytokine develops in such
patients when they are infected i or
megalovirus.** Experimental models suggest that

immunocompromised as a result o
I or a genetic

cytokine storm occurs in these patients from

to prolonged engagement between lymphocytes
and antigen-presenting cells and defective clear-

ance of antigen-bearing dendritic cells, resulting
il ﬂ and prollferatlon of

an
16567 Furthermore, retrospective analyses

of data from persons who died from coagulopa-
thies and hémophagoeyedsis curing the HING

influenza pandemlc of 2009 revealed germline

Another pathogen-induced form of cytokine
storm is HHV-8-associated multicentric
In this disorder, uncontrolled
infection with HHV-8 (also known as
leads to a
driven primarily by excessive production of human
interleukin-6 and viral interleukin-6 by HHV-8—
infected plasmablasts.®® Patients with

susceptibility, making it difficult to control the
HHV-8 infection, which is a common, typically
asymptomatic infection in the general popula-
tion.” A recent study showed that the effect of
tocilizumab in patients with HHV-8-associated
multicentric Castleman’s disease was minimal
and short-lived, most likely because of viral in-
terleukin-6 signaling that was independent of
the neutralized interleukin-6 receptor.”” As with
EBV-associated HLH,

moves the primary reservoir for HHV-8.”
Many additional microbes can trigger cytokine
storm, including other herpesviruses, such as
herpes simplex virus, and other influenza viruses,

such as H5N1.
more challenging in

patients with infections than in patients
with infections, since
agents are available.
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CYTOKINE STORM

and are sometimes used

to help control the pathogen and provide benefi-

cial immunomodulation. For some viral infec-
patients

stages of infection can

ef-

fects of the

MONOGENIC OR AUTOIMMUNE
CYTOKINE STORM

In rare cases, a pathogen triggers cytokine storm
in patients with monogenic disorders, and in
other cases, cytokine

causes. In patients with
primary HLH, various autosomal recessive mono-
genic abnormalities in granule-mediated cyto-
toxicity lead to cytokine storm. Common patho-
logic mutations include those occurring in PRFI,
UNCI13D, STXBP1, RAB27A, STX11, SH2DIA, XIAP,

and NLRC4.” In iatiem

disorders

cytokine storm, and such patients often have
heterozygous polymorphisms in the same genes
that are altered in primary HLH.®%"
levels of interferon interleuki inter-
leukin-4, interleuki interleukin-8, interleu-
kinl CXCL9, CXCL10, and interleukin. are
frequently with Anti—inter-
feron-y antibody therapy with emapalumab has
recently been approved for the treatment of pri-
mary HLH, as a bridge to allogeneic stem-cell
transplantation, which is typically curative.

The beneficial effects o

antibody, JAK1 and
antibody, and

Generalized T-cell and B-cell ablation with alem-
tuzumab and T-cell ablation with antithymocyte
globulin have been reported; ablation most likely
works by depleting the pathogenic CD8+ T cells

among other cell types.”

can also be

N ENGL J MED 383;23
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are characterized

by seemingly nd cyto-
kine iwithout signs of infection or autoim-

munity. Affected patients have germline muta-

tions in genes regulating the innate immune
Several genetic disorders are associated with al-
tered regulation of the innate immune system,
including familial Mediterranean fever (MEFV),
TNF receptor—associated periodic syndrome
(TNFRSF14), hyperimmunoglobulinemia D with
periodic fever syndrome (MVK), familial cold
autoinflammatory syndrome (NLRP3), the Muckle—
Wells syndrome (NLRP3), neonatal-onset multi-
system inflammatory disease (NLRP3), deficiency
of ADA2 (CECR1), NLRC4 inflammasomopathies,
X-linked lymphoproliferative type 2 disorder
(XIAP), the Takenouchi-Kosaki syndrome (CDC42),
and the Wiskott—Aldrich syndrome (CDC42). Al-
though all patients with these disorders have
periodic fevers, only a portion have cytokine
storm. Given the primary genetic defects and the
effective treatments that are available, innate cells
are most likely the primary cell drivers involved,
and TNF, interleukin-1, interleukin-18, or a com-
bination of these cytokines probably drives
pathogenesis. Patients with genetic immunode-
ficiency syndromes such as chronic granuloma-
tous disease and STAT1 gain-of-function disease
can, paradoxically, present with cytokine storm
from overwhelming infections.”

Idiopathic multicentric Castleman’s disease is
another cytokine storm disorder that is similar
to HHV-8-associated multicentric Castleman’s
disease, but the cause is unknown. Patients with
the thrombocytopenia, anasarca, fever, reticulin
fibrosis, and organomegaly (TAFRO) subtype tend
to have the most severe cytokine storm.”” Al-
though the cause is unknown, interleukin-6 is
the driver of pathogenesis in a large portion of
patients. As a result

were developed and
approved by regulatory agencies in (tociliz-
umab) and in the United States and dozens of
other countries (siltuximab) for the treatment
of idiopathic multicentric Castleman’s disease.
Both siltuximab and tocilizumab have been
shown to resolve disease flares and sustain
remission in approximately one third to one half
of patients.®® However, some patients with low
circulating interleukin-6 levels have a response
to interleukin-6 blockade, and some patients
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with high systemic interleukin-6 levels do not
have a response. A seven-protein panel that can
predict which patients with idiopathic multicen-
tric Castleman’s disease are most likely to benefit
from siltuximab was recently identified and vali-
dated (https:/fashpublications.org/blood/article/132/
Supplement%201/3716/265269/Serum-Proteomics
-Reveals-Distinct-Subtypes?searchresult=1).

Patients with idiopathic multicentric Castle-
man’s disease who have progressive organ dys-
function and who do not have a response to
anti—interleukin-6 therapy are often treated with
combination cytotoxic chemotherapy to nonspe-
cifically eliminate hyperinflammatory cells.®! Oth-
er elevated serum cytokines and cellular signal-
ing pathways that could be considered for
therapeutic targeting include CXCL13, CXCL10
(interferon-inducible protein 10 [IP-10]), VEGF-A?
type I interferon,® mTOR complex 1 (mTORC1)
and JAK-STATS3. These findings have led to treat-
ment with the mTORC1 inhibitor sirolimus in
patients with idiopathic multicentric Castleman’s
disease who do not have a response to anti—inter-
leukin-6 therapy.*® Sirolimus therapy is being
evaluated in an ongoing clinical trial involving
patients with active disease who do not yet have
fulminant cytokine storm (ClinicalTrials.gov num-
ber, NCT03933904).

-19—ASSOCIATED CYTOKINE

STORM

Covid-19, which is caused by SARS-CoV-2, is char-
acterized by heterogeneous symptoms ranging
from mild fatigue to life-threatening pneumo-
nia, cytokine storm, and multiorgan failure.
Cytokine storm was also reported in patients
with SARS and was associated with poor out-
comes.®® Although the mechanisms of lung in-
jury and multiorgan failure in
under investigation,*

— as well as
beneficial effects of immunosuppressant agents
— in affected patients, particularly those who
are the most severely ill, suggest that cytokine
storm may contribute to the pathogenesis of

Covid-19.87:88
Serum levels that are- in pa-
19-associated citokine storm

tients with

include interleukin interleuki IP. -
interferon+y, macrophage inflammatory protein
(MIP) 1« and 1B, and 8990 Higher interleu-

kin-6 levels are strongly associated with shorter

2268 N ENGLJ MED 383;23
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survival.’* The relative frequencies of circulating
activated and plasma-
blasts are 19.”2 In addition to
the elevated systemic cytokine levels and acti-
vated immune cells, several clinical and labor-
atory abnormalities, such as and

levels renal dysfunc-
are also observed in *19,

as they are in cytokine storm disorders. Labora-
tory test results reflecting hyperinflammation
and tissue damage were found to predict wors-
ening outcomes in Covid-19.

Although immunologic dysregulation has been
observed in severe cases of Covid-19,% it is

The correlation
between the nasopharyngeal viral load and cyto-
kine levels (e.g., interferon-, interferon-y, and
TNF), as well as a declining viral load in moder-
ate but not severe cases, suggests that the im-
mune response is positively associated with the
viral burden.”® Alternatively, the discoveries of
inborn errors of type I interferon immunity and
autoantibodies against type I interferons in the
most severe cases of Covid-19 suggest that an
inadequate antiviral response may be contribu-
tory in some patients with Covid-19.#% Host
immune responses and immune-related symp-
toms are extremely variable between asymptom-
atic patients (who have effective control of SARS-
CoV-2) and patients with

cases. Another hypothe-
sized mechanism involves autoimmunity due to
molecular mimicry between SARS-CoV-2 and a
self-antigen. These mechanisms may be involved
in subgroups of patients, such as children with
postinfection multisystem inflammator
drome, a condition that seems to be

therapies such as

syn-

pies. Patients with multisystem inflammatory
syndrome very clearly meet the definition of cyto-
kine storm, since SARS-CoV-2 is no longer pres-
ent; however, it is

Furthermore, it is now clear that pa-
tients with SARS-CoV-2 infection can be asymp-
tomatic or can have acute Covid-19 with hetero-
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CYTOKINE STORM

geneous severity, a chronic course of Covid-19,
or multisystem inflammatory syndrome. A criti-
cal question concerns the factors that contribute
to the severe cytokine storm-like phenotype ob-
served in a small fraction of patients. Coexisting
conditions such as hypertension, diabetes, and
obesity are associated with more severe cases of
Covid-19, possibly because of the preexisting
chronic inflammatory state or a lower threshold
for the development of organ dysfunction from
the immune response.

Several in therapeutic con-
siderations should be noted between 19—
associated cytokine and many cyto-
kine disorders. First, cytokine storm
triggered by infection with SARS-CoV-2 may re-
quire different therapies from those used for
cytokine storm due to other causes.

|%I

of secondar
outcomes

and other
for both a

kine storm, it is particularlyi

of patients with Covid-19 are
for at the Despite
positive anecdotal reports, two large, randomized
controlled trials of
show a survival
in hospitalized patients with Covid-19.”7%
Second, the primar

and mechanisms underlying
the cytokine which have implications for
treatment. For example, selective elimination of
the primary viral reservoir is beneficial in pa-
tients with HHV-8—associated multicentric Castle-
man’s disease but is not possible in patients with
Covid-19.

appear to be 19-associ-
ated cytokine storm.” Finally, although cytokine
panels have not been measured simultaneously

on the same platform across Covid-19—-associated
cytokine storm and other cytokine storm disor-

Levels of inflammatory mediators in pul-
monary tissue during infection with SARS-CoV-2
remain unknown.

Despite the many unknowns, a

characterized by
levels and supplemental oxygen require-
ments, and i

analysis of seven randomized trials showed that
28-day all-cause mortality in critically ill patients
with Covid-19 was lower among those who were
treated with glucocorticoids than among those
who received usual care or placebo.’ An obser-

is consistent with
these findings.!® Further support comes from
positive anecdotal reports of targeted antago-
nists against interleukin-1, granulocyte-macro-
phage colony-stimulating factor, and JAK1 and
JAK?2 in patients with Covid-19.1>'% Likewise, the
observation that

effect if

dexamethasone, the of treatment and selec-
tion o of patients included in studies
will most likely have an effect on outcomes.
Despite unknowns regarding the role of
immune dysregulation and cytokine storm in
Covid-19, hundreds of immunomodulatory drugs
are currently under investigation.’®> Many of these
treatments have been used for other cytokine
storm disorders. Canakinumab, an anti—inter-
leukin-18 monoclonal antibody, and anakinra
are both being studied for Covid-19-induced
ARDS. Acalabrutinib, a selective inhibitor of
Bruton tyrosine kinase that regulates B-cell and
macrophage signaling and activation, may have
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promise for dampening the hyperinflammatory
response in Covid-19.% JAK1 and JAK2 inhibi-
tors, which are approved for the treatment of a
number of autoimmune and neoplastic condi-
tions, have the potential to inhibit signaling
downstream of type I interferon, interleukin-6
(and other gp130 family receptors), interferon-v,
and interleukin-2, among other cytokines.'” Much
like anti-interleukin-6 antibody therapy, inhibi-
tion of Bruton tyrosine kinase and JAK could
prove to be damaging or unhelpful if given too
soon, when the immune response to SARS-CoV-2
is critical in controlling viral replication and
clearance.

The general strategy for_

involves care to maintain critical or-
gan function, control of the

and _ of - for abnormal im-
mune system activation an-
modulation o nonspeific

to limit the collateral damage of the activated
immune system. As noted throughout this review,
a number of drugs are effective across multiple
disorders under the cytokine storm umbrella
and still more may be effective in multiple con-
ditions that have not yet been studied.

Given the growing number of new therapeu-
tics targeting various aspects of the immune
system and our ability to probe the biologic
mechanisms of disease, further research should
focus on the identification of drugs that can be
used across cytokine storm disorders and preci-
sion diagnostics for selecting the right drugs for
the right patients, regardless of the underlying
condition.'®1” A study involving patients with
systemic juvenile idiopathic arthritis revealed sub-
groups of patients with cytokine profiles in which
interleukin-6 and interleukin-18 predominated,
pointing toward available therapeutic approach-
es.® Likewise, biomarkers were recently shown
to effectively predict which patients with adult-
onset Still’s disease would have a response to
anakinra or tocilizumab.'! The

JAK signaling is an
interesting target in cytokine storm, because
multiple cytokine-receptor pairs can be targeted

N ENGL ) MED 383,23
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simultaneously, an approach that may be effec-
tive for multiple diseases driven by different cyto-
kines. In addition

several factors in
of a

in the
with an existing agent (anti-interleu-
kin-6, anti-TNF, anti—interferon-v, or anti—inter-
leukin-18 antibody) will

circulatin
i of the hyperinﬂammatori circuit or

if its level is potentially in In ad-
dition, the various therapies mentioned in this
review have distinctive side-effect and risk pro-
files. All targeted agents have target-specific
risks, and combination therapy has more poten-
tial risks than single-agent therapy. Furthermore

It is important to
managing cytokine

In this age of
cytokine profiling and individualized medicine,
patients must be monitored and given appropri-
ate prophylaxis when treated empirically, and
randomized, controlled trials should always be
performed to assess efficacy and safety.

Advancing the research and treatment of cyto-
kine storm will require pooling of samples for
“omics” studies and collaboration among ex-
perts across conditions. The introduction of an
International Classification of Diseases, 10th Revision,
code for cytokine release syndrome in 2021
should facilitate electronic health record-based
research into its natural history, pathogenesis,
and treatments. Once sufficient scientific prog-
ress has been achieved toward biomarker-guided,
individualized treatment of cytokine storm, reli-
able, quick, and accessible assays will be needed
to measure soluble mediators of inflammation
in plasma and tissues.

SUMMARY

If the inflammatory response
causes organ dysfunction that puts
host survival and reproductive fitness at risk (in
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CYTOKINE STORM

the absence of ventilatory support and dialysis),
then it is pathologic. Extensive regulatory mech-
anisms exist that modulate the immune response
and prevent cytokine storm. Nevertheless, the
disorder can still occur due to iatrogenic causes,
pathogens, cancers, autoimmunity, and autoin-
flammatory mechanisms. Distinguishing between
protective inflammatory responses and patho-
logic| cytokine storm has important implications
for treatment and is quite challenging. No unify-
ing definition of cytokine storm exists, and there
is much disagreement about what the definition
should be and whether specific conditions such
as Covid-19 should be included in the spectrum
of cytokine storm disorders. We propose a unify-
ing definition for cytokine storm that is based
on the following criteria: |elevated circulating
cytokine levels, [acute systemic inflammatory

symptoms, and secondary organ gLsfunctio_n be-
yond that which could be attributed to a normal
response to a pathogen, if a pathogen is present.
Targeted therapeutic approaches to cytokine
storm associated with idiopathic multicentric
Castleman’s disease, HLH, or CAR T-cell therapy
have turned deadly conditions into often revers-
ible states. Given advances in “multi-omic” pro-
filing and therapeutic modulation of the im-
mune system, as well as concerted efforts to work
across the cytokine storm umbrella, we expect
to see continued improvements in outcomes.

Disclosure forms provided by the authors are available at
NEJM.org.
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