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Introduction

Cytokine release syndrome (CRS) or cytokine storm (CS) 
was first described in 1993 as a complication of acute 
graft versus host disease following allogeneic stem cell 
transplantation.1 Since then, the term has been applied 
to a syndrome characterized by life-threatening systemic 
hyperinflammation, immune cell activation, and elevated 
circulating levels of cytokines, which can be triggered 
by both genetic and acquired disorders.2 Unfortunately, 
there is currently no single accepted definition of CRS or 
CS.2 In addition, there may be overlap between inflamma-
tory responses deemed pathologically exaggerated versus 
appropriate, making it difficult to precisely define the CS/
CRS entity. Finally, a recognized form of CS/CRS is HLH, 
which is defined by specific clinical and pathologic criteria 

and has an immunobiological phenotype that is rapidly 
emerging from research.3,4

Severe COVID-19 pneumonia5,6 leading to acute res-
piratory distress syndrome (ARDS)7 can lead to systemic 
hyperinflammation8–11 and CS/CRS.12 Profiling of cases 
has previously documented elevated levels of interferon-
gamma-induced protein 10 (IP-10), monocyte chemotactic 
protein 3 (MCP-3), and interleukin-1 receptor antagonist 
(IL-1ra), which are associated with disease severity and 
fatality.13,14 Laboratory parameters such as C-reactive protein 
(CRP) and ferritin can be markedly elevated, and abnormal 
liver function and coagulopathy can be seen.15 Elevation of 
D-dimer levels and abnormal coagulation profiles consist-
ent with disseminated intravascular coagulation (DIC) are 
seen and may be indicative of pulmonary microthrombi.16 
Antiviral drugs including remdesivir, approved by the US 
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COVID-19 or SARS-CoV-2 infection can lead to 
severe acute respiratory distress syndrome/pneu-
monia with features of cytokine storm/cytokine 
release syndrome (CS/CRS) reminiscent of sec-
ondary hemophagocytic lymphohistiocytosis (HLH). 
Treatment of severely ill patients has included anti-
inflammatory drugs targeting various cytokines. 
However, these cytokines are also essential in elimi-
nating SARS-CoV-2, and blocking cytokine pathways 
could potentially lead to worse outcomes. Here, we 
review differences in the immunobiology between 
non-COVID-19 HLH and COVID-19 CS/CRS, as well 
as highlight rare cases of COVID-19 actually meet-
ing criteria for HLH. We review recent data support-
ing the immunologic and genetic distinctiveness of 
COVID-19 CS/CRS and COVID-19 HLH, which may 
have implications as to which patients with these 
disorders respond to anticytokine therapies.
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Food and Drug Administration (FDA) in October 2020, are 
rapidly being developed and tested.17 To date, however, anti-
inflammatory glucocorticoids have been the only treatment 
leading to improved survival in severe COVID-19, but the 
survival benefit was only observed in patients requiring 
supplemental oxygen or exhibiting significant hyperinflam-
mation as measured by CRP levels.18 Targeted anticytokine 
therapy to prevent COVID-19 CS/CRS has also led to mixed 
results in several large-scale, high-profile studies.

We19 and other investigators20–23 have also reported on 
COVID-19 CS/CRS patients who met clinical and pathologic 
criteria for HLH, with the consensus that such patients are rel-
atively uncommon. In line with these clinical findings, recent 
data suggest that COVID-19 may lead to a unique type of CS/
CRS.24 In this Mini-Review, we examine the immunobiology 
of HLH, critique the notion that COVID-19 CS/CRS differs 
from HLH, and assess whether this distinction may inform 
treatment for this lethal complication of COVID-19 infection.

HLH and clinical diagnosis

HLH is a highly fatal condition characterized by dysreg-
ulated hyperactivation of lymphocytes and macrophages 
leading to hyperferritinemia, hyperinflammatory cytokine 
storm, and multiorgan failure.4 Without treatment, HLH 
mortality rate approaches 100%.25 As a disorder of mac-
rophages, HLH is categorized with other histiocytic (den-
dritic cell or monocyte/macrophage) disorders (Table 1), 
giving rise to the eponymous name.

Patients with HLH often present with non-specific signs 
and symptoms such as recurrent fever, cytopenia, transami-
nitis, or coagulopathy. These findings may be indistinguish-
able from severe sepsis or multiorgan failure syndrome 
making the diagnosis of HLH difficult.26 Most patients 
initially receive treatment with antimicrobial agents and 
supportive care. Lack of improvement usually prompts the 
clinician to perform additional tests such as ferritin, lactate 
dehydrogenase (LDH), D-dimer, and bone marrow biopsy. 
Hyperferritinemia with levels greater than 10,000 ng/mL 
carries over 90% sensitivity for the diagnosis of HLH in 
children. In the adult population, hyperferritinemia is less 

sensitive, and other criteria must be met to confirm the  
diagnosis.26 Similarly, although the presence of hemophago-
cytosis in the bone marrow helps with the diagnosis of HLH, 
its absence does not rule out HLH. If performed early in 
the disease process, the bone marrow biopsy may not show 
hemophagocytosis, and it can be seen later in the disease 
course, sometimes in autopsies. For this reason, bone mar-
row biopsy is not considered a specific test in the diagnosis 
of HLH, and a negative finding does not rule out the disease.

There are currently two scoring systems, Delphi Study27 
and HScore,28 which can be helpful to include or exclude HLH 
from the differential diagnosis. Both systems consider an array 
of laboratory values such as ferritin, LDH, triglycerides, liver 
enzymes, degree of cytopenia, imaging findings, and bone 
marrow biopsy results to assess the likelihood of HLH.

Diagnostic criteria

The diagnosis of HLH is based on both clinical and labora-
tory findings. In 1994, the Histiocyte Society proposed the 
five initial diagnostic criteria as part of the HLH-94 clini-
cal trial.29 Updated in HLH-2004, they currently remain the 
diagnostic standard in the adult population (Table 2). The 
criteria include fever, hepatosplenomegaly, cytopenia, low 
natural killer (NK) cell activity, hypertriglyceridemia and/
or low fibrinogen, elevated ferritin, increased soluble IL-2 
receptor (sIL-2R), and hemophagocytosis on bone marrow 
biopsy. Five out of eight criteria must be met to establish the 
diagnosis of HLH. HLH-directed therapy should be initiated 
if the suspicion remains high despite not meeting all five  
criteria.4 Other features supporting an HLH diagnosis 
include hyperbilirubinemia, hepatomegaly, transaminitis, 
elevated lactate dehydrogenase (LDH), and D-dimer levels.4

Primary versus secondary HLH and 
special case of macrophage activation 
syndrome

HLH is broadly categorized into primary (familial) and sec-
ondary (acquired) types. Primary HLH, often seen in children, 
is caused by autosomal recessive (biallelic) mutations affect-
ing immune regulation of lymphocytes and macrophages.3 

Table 1. Classification of histiocytic disorders.

1. Dendritic cell related (most common):
 (a). Langerhans cell histiocytosis.
 (b). Juvenile xanthogranuloma.
 (c). Erdheim–Chester disease.
2. Monocyte-macrophage related:
 (a). Hemophagocytic lymphohistiocytosis:
  (i). Familial (due to gene mutations.)
  (ii). Secondary hemophagocytic syndromes:
   1. Infection-associated.
   2. Malignancy-associated.
   3.  Autoimmune-associated (macrophage activating syndrome or 

MAS).
   4. Other (idiopathic).
3. Malignant histiocytosis:
 (a). Dendritic cell related.
 (b). Histiocytic sarcoma.
 (c). Monocyte-macrophage related.
 (d).  Leukemia: monocytic M5A and M5B, myelomonocytic M4, chronic 

myelomonocytic leukemia.

Table 2. 2004 HLH diagnostic criteria for adults.

The diagnosis of HLH can be established if one of either 1 or 2 below is 
fulfilled:
1.  Presence of HLH-associated mutations (e.g. PRF1, UNC13D, STX11, 

STXBP2, SH2D1A, BIRC4, SLC7A7, XMEN, LYST, Rab27A, HPS, 
ITK) together with clinical findings associated with HLH.

2. Fulfill five out of the following eight HLH criteria:
 (a). Fever.
 (b). Splenomegaly.
 (c).  Cytopenias in at least two cell lines (hemoglobin <9 g/dL; platelets 

<100,000/mL; absolute neutrophil count <1000/mL).
 (d).  Hypertriglyceridemia (fasting triglycerides >265 mg/dL) and/or 

hypofibrinogenemia (fibrinogen <150 mg/dL).
 (e). Hemophagocytosis in bone marrow, spleen, lymph nodes, or liver.
 (f). Low or absent NK cell activity.
 (g). Ferritin >500 ng/mL.
 (h). Elevated soluble IL-2 receptor >2400 U/mL.

HLH: hemophagocytic lymphohistiocytosis; NK: natural killer.
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Secondary HLH, more common in adults, is often triggered by 
infections, autoimmune conditions, or malignancies in suscep-
tible individuals.4 Some individuals with apparent secondary 
HLH may also have occult monoallelic HLH gene mutations.30 
HLH is termed macrophage activation syndrome (MAS) when 
it is triggered by rheumatologic/autoimmune conditions.31 
Most commonly, MAS has been linked to systemic juvenile 
idiopathic arthritis (sJIA) but can also be associated with other 
rheumatologic diseases, such as systemic lupus erythemato-
sus. These distinctions point to underlying differences in the 
immune state between primary and secondary HLH and MAS.

Immune mechanisms in primary and 
secondary HLH

All subtypes of HLH share a common terminal pathway 
that leads to unregulated activation of macrophages and 
T-lymphocytes culminating in fatal cytokine storm and end-
organ damage (Figure 1). However, the immune mechanisms 
in primary and secondary HLH and MAS are complex and 
influenced by the underlying state of the immune system.

In immunocompetent individuals, NK-cells and cytotoxic 
T-cells kill infected cells via a process that is mediated by a 
perforin-dependent cytotoxic pathway.32 Functional cyto-
toxic T- and NK-cells make cytotoxic granules that contain 
perforins and granzymes.32 When these cells are activated 
by infected cells, the perforin and granzyme granules con-
tained in the T-cells are released into the synapse.32 Through 
the action of the perforins, granzymes enter the cytoplasm 
of the target cell and cause apoptotic cell death. Once the 
target cells are eliminated, down regulation of the immune 
response follows. Patients with familial HLH have mutations 
in genes (e.g. PRF1, UNC13D, STX11, STXBP2, SH2D1A, 

BIRC4, SLC7A7, XMEN, LYST, Rab27A, HPS, and ITK) that 
result in decreased or absent perforin3,32 (Table 3). Therefore, 
in familial HLH, activated cytotoxic cells are unable to elimi-
nate infected cells and antigen presenting cells, leading to 
persistent stimulation of macrophages and T-cells. This pro-
cess can rapidly progress to severe cytokine storm, a hyper-
inflammatory state with resultant end-organ damage, and 
death without prompt treatment.3

The pathophysiology of secondary HLH, seen in adult 
patients, is not well-understood. However, many etiologies 
have been implicated. The most common triggers include 
infections, malignancies, rheumatologic disorders, immune 
deficiency syndromes, and immunotherapies.

Immunobiology of primary versus 
secondary HLH versus sepsis

Several recent reports have clarified the immunobiology 
of pediatric and adult HLH and sepsis, summarized in 
Figure 2.

Carvelli et al.30 analyzed the immunologic and genetic 
features of 68 adults with secondary HLH. In contrast to pri-
mary (pediatric) HLH, NK-cells from adults with secondary 
HLH exhibited an activated phenotype and normal cyto-
toxic capacity but also greatly decreased NK-cell numbers 
and interferon-gamma (IFN-γ) production. Whereas primary 
HLH is a monogenic disorder associated with loss of lym-
phocyte cytotoxicity, about half of the adult secondary HLH 
patients harbored 1 or more germline variants of uncertain 
significance (VUS) in an HLH-associated gene, but none har-
bored a pathogenic variant. These data suggested that adult 
secondary HLH NK cells become energized but exhausted 
and can no longer properly respond to stimuli or control the 

Figure 1. Pathophysiology of HLH. Normally, activated cytotoxic T- and NK-cells create cytotoxic granules that release perforins and granzymes into the 
immunologic synapse, which enter the cytoplasm of target cells, causing apoptotic cell death. However, genetic mutations causing cytotoxicity or signal 
transduction defects lead to impaired clearance of pathogen and persistently activated T-cells, which in turn release inflammatory cytokines, particularly interferon-
gamma (IFN-γ), resulting in excessive activation of macrophages and end-organ damage. This pathway can also be triggered in secondary HLH by infections, 
malignancy, and so on. Figure modified with permission.
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immune response. This pattern of NK-cell function in adult 
secondary HLH resembles that seen in sepsis.

In contrast, Chaturvedi et al.33 compared the T-cell phe-
notype in patients with primary or secondary HLH versus 
patients with sepsis. They found that, in HLH, there was 
expansion of a subset of peripheral blood T-cells that express 

CD38 and HLA-DR. This profile was most striking for CD8+ 
T-cells, which also exhibited an effector memory phenotype 
and type 1 cytokine bias. The authors concluded that despite 
previously recognized phenotypic overlap between HLH 
and sepsis, the two could be readily distinguished from each 
other according to T-cell activation profile. Analogous to the 

Table 3. Known genetic mutations in primary HLH.

Disease Gene Protein Lab findings

Familial HLH2 PFR1 Perforin Decreased/absent perforin 
expression

Familial HLH3 UNC13D Munc13-4 Low CD107a
Familial HLH4 STX11 Syntaxin11 Low CD107a
Familial HLH5 STXBP2 Munc18-2 Low CD107a
X-linked lymphoproliferative disorder type I SH2D1A SAP protein Decreased SAP expression
X-linked lymphoproliferative disorder type II BIRC4 XIAP Low XIAP expression
Lysinuric protein intolerance SLC7A7 Y + LAT-1  
X-linked immunodeficiency with magnesium defect, EBV 
infection, and neoplasia (XMEN)

XMEN MagT1  

Chediak–Higashi syndrome LYST Lyst Low CD107a
Griscelli syndrome type II RAB27A Rab27A Low CD107a
Hermansky–Pudlak syndrome HPS AP3 Low CD107a
NLRC4 mutation NLRC4 NLRC family protein High IL-18 levels
CD 27 deficiency CD27 CD27  
ITK deficiency ITK IL-2 inducible T-cell kinase  

HLH: hemophagocytic lymphohistiocytosis.

Figure 2. Immunobiology of NK-cells and T-cells in pediatric HLH, adult HLH, or sepsis. 
Blue shading indicates differences between HLH and sepsis.
HLH: hemophagocytic lymphohistiocytosis.
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Chaturvedi et al. report, Lin et al.34 compared concentrations 
of inflammatory plasma proteins in 40 patients with pediat-
ric HLH to 47 patients with severe sepsis or systemic inflam-
matory response syndrome (SIRS). Significant differences 
were found in HLH plasma compared with sepsis/SIRS, 
including increased IFN-γ-regulated chemokines CXCL9, 
CXCL10, and CXCL11. Gene expression in CD8+ T-cells and 
activated monocytes from blood was also enriched for IFN-γ 
pathway signatures in peripheral blood cells from patients 
with HLH compared with sepsis/SIRS. This study demon-
strated that IFN-γ signaling is uniquely elevated in HLH, 
corresponding with the findings from Chaturvedi et al.

Finally, novel biomarkers may be useful in the diagnosis 
of HLH. A retrospective study by Cui et al.35 showed that the 
serum levels of soluble CD163 (sCD163) and ferritin were 
significantly elevated in pediatric patients with sepsis-asso-
ciated HLH when compared with septic patients without 
HLH.

Discriminating COVID-19-associated 
cytokine storm from non-COVID-19 
secondary HLH

Emerging observations from groups around the world,20 
including our own,19 suggest that COVID-19-associated CS/
CRS appears to be distinct from non-COVID-19 adult sec-
ondary HLH. Most patients with COVID-19 CS/CRS do not 
fulfill classical or HScore diagnostic criteria for HLH.19,20 This 
may be because of absence of classical criteria such as cytope-
nia or splenomegaly or hypofibrinogenemia. Only modestly 
elevated levels of IL-6, CRP, and ferritin are typically seen in 
COVID-19-associated CS/CRS, which corresponds with the 
infrequency of COVID-19-associated secondary HLH. It is 
possible that the relatively lower cytokine levels in COVID-
19-associated CS/CRS may be related to the profound lym-
phopenia seen in these patients. In agreement with these 
clinical observations, a recent analysis of serum biomark-
ers from 30 COVID-19 patients versus 50 non-COVID-19 
secondary HLH patients was able to clearly distinguish 
COVID-19 from secondary HLH, reporting strongly reduced 
levels of soluble Fas ligand during COVID-19 infection ver-
sus pronounced activation of the IL-18–IFN-γ axis, increased 
serum levels of IL-1 receptor antagonist, intercellular adhe-
sion molecule 1, and IL-8 in patients with non-COVID-19 
secondary HLH.24

However, rare COVID-19 patients do fulfill classical 
HLH-2004 diagnostic criteria and/or have an HScore sug-
gesting high probability of disease.19,21,22 Here, the role of 
unrecognized genetic sequence variants leading to HLH sus-
ceptibility needs further study, as these may identify a popu-
lation at particular risk for COVID-19 secondary HLH. For 
example, Luo et al.36 reported an association between four 
primary immunodeficiency (UNC13D, AP3B1, RNF168, and 
DHX58) gene variants with COVID-19-associated CS/CRS. 
The total percentage of COVID-19 patients with variants in 
UNC13D or AP3B1 (Hermansky–Pudlak syndrome-2), two 
typical HLH genes, was dramatically higher in the high-
level cytokine group than in the low-level group. Thus, ger-
mline variants in UNC13D and AP3B1 were associated with 
the development of cytokine storm and fatal outcomes in 

COVID-19. In agreement with this line of investigation, some 
investigators37 have suggested that the immune mechanism 
in COVID-19-associated HLH may be related to virally 
induced immunosuppression and NK-cell dysfunction that 
bears greater similarity to primary than secondary HLH.

Treatment of COVID-19 CS/CRS and 
COVID-19 secondary HLH

In this final section, we review some anti-inflammatory ther-
apies38,39 for both COVID-19 CS/CRS and COVID-19 second-
ary HLH. In both entities, experimental treatment options 
for COVID-19 infection have been informed by those used 
to treat classical HLH and other forms of cytokine storm. 
One of the key questions is whether COVID-19 CS/CRS 
or the more uncommon COVID-19 secondary HLH (fully 
meeting criteria for HLH) respond to drugs targeting vari-
ous cytokines or cytokine pathways, such as anakinra or 
tocilizumab. A corollary question is whether these drugs are 
more likely to work in patients exhibiting a greater degree 
of hyperinflammation,8 as for example, might be present in 
COVID-19 secondary HLH.

Analysis of recent trials with the IL-1 receptor antagonist 
drugs has hinted at the possible importance of patient selec-
tion dependent upon the degree of hyperinflammation as 
measured by biomarkers. Kyriazopoulou et al.40 reported 
improved survival and shortened hospital stay in COVID-
19 patients treated with anakinra, which blocks signaling of 
both IL-1α and IL-1β. Nearly 600 patients with COVID-19 
pneumonia at risk for respiratory failure, as defined by an 
elevated serum level of soluble urokinase-type plasmino-
gen activator receptor (suPAR), were randomly assigned 
to receive either anakinra or placebo (along with standard 
of care) early during hospitalization, before they needed 
mechanical ventilation. Selection for patients with elevated 
suPAR level may have identified not only those with excess 
inflammation but also those with organ damage second-
ary to COVID-19-associated thrombosis. In contrast to this 
positive study, a recent randomized, double-blind, placebo-
controlled trial of canakinumab, a monoclonal antibody 
to IL-1β only, failed to demonstrate a significantly greater 
likelihood of survival in 454 patients with severe COVID-19  
pneumonia.41 Unlike the Kyriazopoulou study, only an ele-
vated level of CRP or ferritin was required for study entry. 
One interpretation of these studies may be that the selection 
of patients by suPAR levels rather than by CRP or ferritin 
levels better defined those patients with COVID-19 pneumo-
nia most likely to benefit from IL-1 blockade.

A further example of patient selection may be discrimi-
nation between patients with COVID-19 CS/CRS from 
those with COVID-19 fully meeting criteria for secondary 
HLH and therefore expected to exhibit greater degrees of 
hyperinflammation. To our knowledge, there have only 
been scattered reports of cytokine targeting treatments in 
patients fully meeting criteria for secondary HLH. One early 
report by Dimopoulos et al.21 suggested favorable responses 
to anakinra in eight patients with COVID-19 secondary 
HLH as diagnosed by HScore. Blockade of the IFN-γ path-
way is another potential treatment for COVID-19 CS/CRS. 
Emapalumab, an anti-IFN-γ antibody, is approved by the 
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US FDA for the treatment of refractory primary HLH. Based 
on possible similarities between COVID-19 HLH and pri-
mary HLH, emapalumab may represent a specific therapy 
for COVID-19 HLH. Although there has been a multicenter 
study investigating the efficacy of emapalumab in combi-
nation with anakinra in severe COVID-19 patients, further 
investigations may be needed to evaluate its efficacy in the 
COVID-19 HLH subset.

Severe COVID-19 patients have also been treated with 
monoclonal antibodies to either IL-6 (tocilizumab, sari-
lumab, and levilimab) or the IL-6 receptor (siltuximab, cla-
zakizumab, sirukumab, and olokizumab). Non-blinded, 
randomized studies of IL-6 blockade have generally sup-
ported a survival benefit, which, unfortunately, was not con-
firmed in blinded, placebo-controlled trials.42 For example, 
EMPACTA, a placebo-controlled trial that randomized 249 
severe COVID-19 patients to tocilizumab or placebo showed 
a reduced likelihood of progression to mechanical ventilation 
or death with tocilizumab but no survival benefit.43 Another 
phase 3 randomized, placebo-controlled trial with levilimab 
in severely ill COVID-19 patients showed a sustained clini-
cal improvement rate and decreased frequency of intensive 
care unit (ICU) hospitalization, but again failed to confirm a 
survival benefit due to low statistical power.44 It should be 
noted that these studies measured different endpoints, had 
diverse patient selection criteria, and varied concomitant 
regimens, which may have confounded survival benefits.

Other targets of interest include Janus kinase (JAK) 
and Bruton’s tyrosine kinase (BTK),45 key regulators in the 
production of multiple cytokines and chemokines includ-
ing tumor necrosis factor (TNF)-α, IL-6, IL-10, and MCP-
1. JAK inhibition targets multiple inflammatory cytokines 
that use common signaling pathways employed by shared 
cytokine receptors. Several observational studies have 
reported that the JAK inhibitor, baricitinib reduced inflam-
matory cytokines, improved lymphocyte recovery and lung  
function.46 Furthermore, baricitinib may play a particular role 
in treating patients with moderate disease requiring oxygen 
support but not mechanical ventilation or extracorporeal 
membrane oxygenation (ECMO).47 Another JAK inhibitor, 
ruxolitinib, was shown to be effective in reducing cytokine 
levels, improving lymphocyte count recovery, leading to 
faster clinical improvement.48 Finally, a randomized, pla-
cebo-controlled trial of tofacitinib led to improved COVID-
19 survival, even in the presence of concurrent glucocorticoid 
treatment.49 Similarly, BTK signaling is important in the acti-
vation of the NLR family pyrin domain containing 3 (NLRP3) 
inflammasome, resulting in maturation and secretion of 
IL-1β. A prospective observational study by Roschewski 
et al.50 demonstrated that BTK inhibition with acalabrutinib 
reduced the inflammatory biomarkers to normal levels in 
most of 19 hospitalized patients with severe COVID-19. A 
randomized phase 3 trial is currently underway to assess the 
survival benefit of BTK blockade in this patient population.

In summary, both COVID-19 CS/CRS and HLH are 
hyperinflammation syndromes that lead to end-organ dam-
age but via different immunobiologic mechanisms. COVID-
19 CS/CRS patients have markedly low levels of Fas ligand, 
whereas HLH patients display pronounced activation of 
the IL-18–IFN-γ axis.24 COVID-19 patients who meet HLH 

criteria tend to have germline variants36 in HLH genes 
UNC13D and AP3B1 and may bear similarities to primary 
HLH. Treatment of COVID-19 CS/CRS with anticytokine 
agents thus far has led to mixed results. Since cytokines are 
essential in eliminating SARS-COV-2, blocking the cytokine 
pathway could potentially lead to worse outcomes. Thus, 
selecting the right subgroups of patients for anticytokine 
agents at the right time is extremely important. Currently, 
there is no clear consensus as to which inflammatory bio-
markers identify appropriate COVID-19 CS/CRS patients 
for anticytokine therapy. Elevated suPAR levels, in addi-
tion to CRP and ferritin, appear important when selecting 
patients for treatment with anakinra.40 Studies with inhibi-
tors of JAK or BTK also have yielded encouraging results, 
and randomized phase 3 trials are ongoing. We expect to see 
continued improvements in outcomes with concerted effort 
across the COVID-19 CS/CRS arena, improved biomarker 
profiling and patient selection.

AuTHOR’ COnTRIbuTIOnS

J.M.L. and J.C. wrote and edited the manuscript.

DeCLARATIOn OF COnFLICTIng InTeReSTS

The author(s) declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of this 
article.

FunDIng

The author(s) received no financial support for the research, 
authorship, and/or publication of this article.

ORCID ID

Johnson M Liu  https://orcid.org/0000-0002-3959-1296

ReFeRenCeS

 1. Ferrara JL, Abhyankar S, Gilliland DG. Cytokine storm of graft-versus-
host disease: a critical effector role for interleukin-1. Transplant Proc 
1993;25:1216–7

 2. Fajgenbaum DC, June CH. Cytokine storm. N Engl J Med 2020;383:2255–73
 3. Zhang K, Astigarraga I, Bryceson Y, Lehmberg K, Machowicz R, Marsh 

R, Sieni E, Wang Z, Nichols KE. Familial hemophagocytic lymphohis-
tiocytosis. In: Adam MP, Ardinger HH, Pagon RA, Wallace SE, Bean 
LJH, Mirzaa G, Amemiya A (eds) GeneReviews((R)). Seattle, WA: Uni-
versity of Washington, 1993–2021

 4. Ponnatt TS, Lilley CM, Mirza KM. Hemophagocytic lymphohistiocy-
tosis. Arch Pathol Lab Med. Epub ahead of print 4 August 2021. DOI: 
10.5858/arpa.2020-0802-RA

 5. Jogalekar MP, Veerabathini A, Gangadaran P. Novel 2019 coronavirus: 
genome structure, clinical trials, and outstanding questions. Exp Biol 
Med 2020;245:964–9

 6. Jogalekar MP, Veerabathini A, Gangadaran P. SARS-CoV-2 variants: a 
double-edged sword? Exp Biol Med 2021;246:1721–6

 7. Afewerky HK. Pathology and pathogenicity of severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2). Exp Biol Med 2020;245:1299–307

 8. Bindoli S, Felicetti M, Sfriso P, Doria A. The amount of cytokine-
release defines different shades of Sars-Cov2 infection. Exp Biol Med 
2020;245:970–6

 9. Manivannan M, Jogalekar MP, Kavitha MS, Maran BAV, Gangadaran 
P. A mini-review on the effects of COVID-19 on younger individuals. 
Exp Biol Med 2021;246:293–7

 10. Upadhyay J, Tiwari N, Ansari MN. Role of inflammatory markers 
in corona virus disease (COVID-19) patients: a review. Exp Biol Med 
2020;245:1368–75

https://orcid.org/0000-0002-3959-1296


336  Experimental Biology and Medicine Volume 247  February 2022

 11. Reisner A, Blackwell LS, Sayeed I, Myers HE, Wali B, Heilman S, 
Figueroa J, Lu A, Hussaini L, Anderson EJ, Shane AL, Rostad CA. 
Osteopontin as a biomarker for COVID-19 severity and multisystem 
inflammatory syndrome in children: a pilot study. Exp Biol Med. Epub 
ahead of print 26 September 2021. DOI: 10.1177/15353702211046835

 12. Ye Q, Wang B, Mao J. The pathogenesis and treatment of the “cytokine 
storm” in COVID-19. J Infect 2020;80:607–13

 13. Yang Y, Shen C, Li J, Yuan J, Wei J, Huang F, Wang F, Li G, Li Y, Xing 
L, Peng L, Yang M, Cao M, Zheng H, Wu W, Zou R, Li D, Xu Z, Wang 
H, Zhang M, Zhang Z, Gao GF, Jiang C, Liu L, Liu Y. Plasma IP-10 and 
MCP-3 levels are highly associated with disease severity and predict 
the progression of COVID-19. J Allergy Clin Immunol 2020;146:119–27.e4

 14. Vaninov N. In the eye of the COVID-19 cytokine storm. Nat Rev Immu-
nol 2020;20:277

 15. Tang N, Li D, Wang X, Sun Z. Abnormal coagulation parameters are 
associated with poor prognosis in patients with novel coronavirus 
pneumonia. J Thromb Haemost 2020;18:844–7

 16. Fan BE, Chong VCL, Chan SSW, Lim GH, Lim KGE, Tan GB, Mucheli 
SS, Kuperan P, Ong KH. Hematologic parameters in patients with 
COVID-19 infection. Am J Hematol 2020;95:E131–4

 17. Jogalekar MP, Veerabathini A, Patel AB. COVID-19: antiviral agents 
and enzyme inhibitors/receptor blockers in development. Exp Biol Med 
2021;246:1533–40

 18. Group RC, Horby P, Lim WS, Emberson JR, Mafham M, Bell JL, Linsell 
L, Staplin N, Brightling C, Ustianowski A, Elmahi E, Prudon B, Green 
C, Felton T, Chadwick D, Rege K, Fegan C, Chappell LC, Faust SN, Jaki 
T, Jeffery K, Montgomery A, Rowan K, Juszczak E, Baillie JK, Haynes 
R, Landray MJ. Dexamethasone in hospitalized patients with covid-19. 
N Engl J Med 2021;384:693–704

 19. Hakim NN, Chi J, Olazagasti C, Liu JM. Secondary hemophagocytic 
lymphohistiocytosis versus cytokine release syndrome in severe 
COVID-19 patients. Exp Biol Med 2021;246:5–9

 20. Wood H, Jones J, Hui K, Mare T, Pirani T, Galloway J, Metaxa V, Ben-
jamin R, Rutherford A, Cain S, Kulasekararaj AG. Secondary HLH is 
uncommon in severe COVID-19. Br J Haematol 2020;190:e283–5

 21. Dimopoulos G, de Mast Q, Markou N, Theodorakopoulou M, Kom-
nos A, Mouktaroudi M, Netea MG, Spyridopoulos T, Verheggen RJ, 
Hoogerwerf J, Lachana A, van de Veerdonk FL, Giamarellos-Bourbou-
lis EJ. Favorable anakinra responses in severe covid-19 patients with 
secondary hemophagocytic lymphohistiocytosis. Cell Host Microbe 
2020;28:117–23

 22. Prilutskiy A, Kritselis M, Shevtsov A, Yambayev I, Vadlamudi C, Zhao 
Q, Kataria Y, Sarosiek SR, Lerner A, Sloan JM, Quillen K, Burks EJ. 
SARS-CoV-2 infection-associated hemophagocytic lymphohistiocyto-
sis. Am J Clin Pathol 2020;154:466–74

 23. Lorenz G, Moog P, Bachmann Q, La Rosee P, Schneider H, Schlegl M, 
Spinner C, Heemann U, Schmid RM, Algul H, Lahmer T, Huber W, 
Schmaderer C. Title: cytokine release syndrome is not usually caused 
by secondary hemophagocytic lymphohistiocytosis in a cohort of 19 
critically ill COVID-19 patients. Sci Rep 2020;10:18277

 24. Kessel C, Vollenberg R, Masjosthusmann K, Hinze C, Wittkowski H, 
Debaugnies F, Nagant C, Corazza F, Vely F, Kaplanski G, Girard-
Guyonvarc’h C, Gabay C, Schmidt H, Foell D, Tepasse PR. Discrimi-
nation of COVID-19 from inflammation-induced cytokine storm 
syndromes using disease-related blood biomarkers. Arthritis Rheumatol 
2021;73:1791–9

 25. Shah AR, Muzzafar T, Assi R, Schellingerhout D, Estrov Z, Tamamyan 
G, Kantarjian H, Daver N. Hemophagocytic lymphohistiocytosis in 
adults: an under recognized entity. BBA Clin 2017;7:36–40

 26. La Rosee P. Treatment of hemophagocytic lymphohistiocytosis in 
adults. Hematology Am Soc Hematol Educ Program 2015;2015:190–6

 27. Hejblum G, Lambotte O, Galicier L, Coppo P, Marzac C, Aumont C, 
Fardet L. A web-based Delphi study for eliciting helpful criteria in 
the positive diagnosis of hemophagocytic syndrome in adult patients. 
PLoS ONE 2014;9:e94024

 28. Fardet L, Galicier L, Lambotte O, Marzac C, Aumont C, Chahwan D, 
Coppo P, Hejblum G. Development and validation of the HScore, a 
score for the diagnosis of reactive hemophagocytic syndrome. Arthritis 
Rheumatol 2014;66:2613–20

 29. La Rosee P, Horne A, Hines M, von Bahr Greenwood T, Machowicz R, 
Berliner N, Birndt S, Gil-Herrera J, Girschikofsky M, Jordan MB, Kumar 
A, van Laar JAM, Lachmann G, Nichols KE, Ramanan AV, Wang Y, 
Wang Z, Janka G, Henter JI. Recommendations for the management of 
hemophagocytic lymphohistiocytosis in adults. Blood 2019;133:2465–77

 30. Carvelli J, Piperoglou C, Farnarier CC, Vely F, Mazodier K, Audonnet 
S, Nitschke P, Bole-Feysot C, Boucekine M, Cambon A, Hamidou M, 
Harle JR, de Saint Basile G, Kaplanski G. Functional and genetic testing 
in adults with HLH do not reveal a cytotoxicity defect but rather an 
inflammatory profile. Blood 2020;136:542–52

 31. Lerkvaleekul B, Vilaiyuk S. Macrophage activation syndrome: early 
diagnosis is key. Open Access Rheumatol 2018;10:117–28

 32. de Saint Basile G, Menasche G, Fischer A. Molecular mechanisms 
of biogenesis and exocytosis of cytotoxic granules. Nat Rev Immunol 
2010;10:568–79

 33. Chaturvedi V, Marsh RA, Zoref-Lorenz A, Owsley E, Chaturvedi V, 
Nguyen TC, Goldman JR, Henry MM, Greenberg JN, Ladisch S, Herm-
iston ML, Jeng M, Naqvi A, Allen CE, Wong HR, Jordan MB. T-cell 
activation profiles distinguish hemophagocytic lymphohistiocytosis 
and early sepsis. Blood 2021;137:2337–46

 34. Lin H, Scull BP, Goldberg BR, Abhyankar HA, Eckstein OE, Zinn DJ, 
Lubega J, Agrusa J, El Mallawaney N, Gulati N, Forbes L, Chinn I, 
Chakraborty R, Velasquez J, Goldman J, Bashir D, Lam F, Muscal E, 
Henry MM, Greenberg JN, Ladisch S, Hermiston ML, Meyer LK, Jeng 
M, Naqvi A, McClain K, Nguyen T, Wong H, Man TK, Jordan MB, 
Allen CE. IFN-gamma signature in the plasma proteome distinguishes 
pediatric hemophagocytic lymphohistiocytosis from sepsis and SIRS. 
Blood Adv 2021;5:3457–67

 35. Cui Y, Xiong X, Ren Y, Wang F, Wang C, Zhang Y. CD163 as a valuable 
diagnostic and prognostic biomarker of sepsis-associated hemophago-
cytic lymphohistiocytosis in critically ill children. Pediatr Blood Cancer 
2019;66:e27909

 36. Luo H, Liu D, Liu W, Wang G, Chen L, Cao Y, Wei J, Xiao M, Liu X, 
Huang G, Wang W, Zhou J, Wang QF. Germline variants in UNC13D 
and AP3B1 are enriched in COVID-19 patients experiencing severe 
cytokine storms. Eur J Hum Genet 2021;29:1312–5

 37. McGonagle D, Sharif K, O’Regan A, Bridgewood C. The role of cytokines 
including interleukin-6 in COVID-19 induced pneumonia and macro-
phage activation syndrome-like disease. Autoimmun Rev 2020;19:102537

 38. Yang L, Xie X, Tu Z, Fu J, Xu D, Zhou Y. The signal pathways and 
treatment of cytokine storm in COVID-19. Signal Transduct Target Ther 
2021;6:255

 39. Rovai ES, Alves T, Holzhausen M. Protease-activated receptor 1 as a 
potential therapeutic target for COVID-19. Exp Biol Med 2021;246:688–94

 40. Kyriazopoulou E, Poulakou G, Milionis H, Metallidis S, Adamis G, 
Tsiakos K, Fragkou A, Rapti A, Damoulari C, Fantoni M, Kalomenidis 
I, Chrysos G, Angheben A, Kainis I, Alexiou Z, Castelli F, Serino FS, Tsi-
lika M, Bakakos P, Nicastri E, Tzavara V, Kostis E, Dagna L, Koufargyris 
P, Dimakou K, Savvanis S, Tzatzagou G, Chini M, Cavalli G, Bassetti 
M, Katrini K, Kotsis V, Tsoukalas G, Selmi C, Bliziotis I, Samarkos M, 
Doumas M, Ktena S, Masgala A, Papanikolaou I, Kosmidou M, Myro-
dia DM, Argyraki A, Cardellino CS, Koliakou K, Katsigianni EI, Rapti V, 
Giannitsioti E, Cingolani A, Micha S, Akinosoglou K, Liatsis-Douvitsas O, 
Symbardi S, Gatselis N, Mouktaroudi M, Ippolito G, Florou E, Kotsaki A, 
Netea MG, Eugen-Olsen J, Kyprianou M, Panagopoulos P, Dalekos GN, 
Giamarellos-Bourboulis EJ. Early treatment of COVID-19 with anakinra 
guided by soluble urokinase plasminogen receptor plasma levels: a dou-
ble-blind, randomized controlled phase 3 trial. Nat Med 2021;27:1752–60

 41. Caricchio R, Abbate A, Gordeev I, Meng J, Hsue PY, Neogi T, Arduino 
R, Fomina D, Bogdanov R, Stepanenko T, Ruiz-Seco P, Gonzalez-Gar-
cia A, Chen Y, Li Y, Whelan S, Noviello S, CAN-COVID Investiga-
tors. Effect of canakinumab vs placebo on survival without invasive 
mechanical ventilation in patients hospitalized with severe COVID-19: 
a randomized clinical trial. JAMA 2021;326:230–9

 42. WHO Rapid Evidence Appraisal for COVID-19 Therapies (REACT) 
Working Group, Shankar-Hari M, Vale CL, Godolphin PJ, Fisher D, 
Higgins JPT, Spiga F, Savovic J, Tierney J, Baron G, Benbenishty JS, 
Berry LR, Broman N, Cavalcanti AB, Colman R, De Buyser SL, Derde 
LPG, Domingo P, Omar SF, Fernandez-Cruz A, Feuth T, Garcia F,  



Liu and Chi  COVID-19-associated cytokine storm  337

Garcia-Vicuna R, Gonzalez-Alvaro I, Gordon AC, Haynes R, Hermine 
O, Horby PW, Horick NK, Kumar K, Lambrecht BN, Landray MJ, 
Leal L, Lederer DJ, Lorenzi E, Mariette X, Merchante N, Misnan NA, 
Mohan SV, Nivens MC, Oksi J, Perez-Molina JA, Pizov R, Porcher R, 
Postma S, Rajasuriar R, Ramanan AV, Ravaud P, Reid PD, Rutgers A, 
Sancho-Lopez A, Seto TB, Sivapalasingam S, Soin AS, Staplin N, Stone 
JH, Strohbehn GW, Sunden-Cullberg J, Torre-Cisneros J, Tsai LW, van 
Hoogstraten H, van Meerten T, Veiga VC, Westerweel PE, Murthy S, 
Diaz JV, Marshall JC, Sterne JAC. Association between administra-
tion of IL-6 antagonists and mortality among patients hospitalized for 
COVID-19: a meta-analysis. JAMA 2021;326:499–518

 43. Salama C, Han J, Yau L, Reiss WG, Kramer B, Neidhart JD, Criner 
GJ, Kaplan-Lewis E, Baden R, Pandit L, Cameron ML, Garcia-Diaz J, 
Chavez V, Mekebeb-Reuter M, Lima de Menezes F, Shah R, Gonzalez-
Lara MF, Assman B, Freedman J, Mohan SV. Tocilizumab in patients 
hospitalized with covid-19 pneumonia. N Engl J Med 2021;384:20–30

 44. Lomakin NV, Bakirov BA, Protsenko DN, Mazurov VI, Musaev GH, 
Moiseeva OM, Pasechnik ES, Popov VV, Smolyarchuk EA, Gordeev 
IG, Gilyarov MY, Fomina DS, Seleznev AI, Linkova YN, Dokukina 
EA, Eremeeva AV, Pukhtinskaia PS, Morozova MA, Zinkina-Orikhan 
AV, Lutckii AA. The efficacy and safety of levilimab in severely ill 
COVID-19 patients not requiring mechanical ventilation: results of a 
multicenter randomized double-blind placebo-controlled phase III 
CORONA clinical study. Inflamm Res 2021;70:1233–46

 45. Neys SFH, Hendriks RW, Corneth OBJ. Targeting Bruton’s tyrosine 
kinase in inflammatory and autoimmune pathologies. Front Cell Dev 
Biol 2021;9:668131

 46. Bronte V, Ugel S, Tinazzi E, Vella A, De Sanctis F, Cane S, Batani V, 
Trovato R, Fiore A, Petrova V, Hofer F, Barouni RM, Musiu C, Cal-
igola S, Pinton L, Torroni L, Polati E, Donadello K, Friso S, Pizzolo F, 
Iezzi M, Facciotti F, Pelicci PG, Righetti D, Bazzoni P, Rampudda M, 
Comel A, Mosaner W, Lunardi C, Olivieri O. Baricitinib restrains the 
immune dysregulation in patients with severe COVID-19. J Clin Invest 
2020;130:6409–16

 47. Goletti D, Cantini F. Baricitinib therapy in covid-19 pneumonia – an 
unmet need fulfilled. N Engl J Med 2021;384:867–9

 48. Cao Y, Wei J, Zou L, Jiang T, Wang G, Chen L, Huang L, Meng F, Huang 
L, Wang N, Zhou X, Luo H, Mao Z, Chen X, Xie J, Liu J, Cheng H, Zhao 
J, Huang G, Wang W, Zhou J. Ruxolitinib in treatment of severe coro-
navirus disease 2019 (COVID-19): a multicenter, single-blind, random-
ized controlled trial. J Allergy Clin Immunol 2020;146:137–46.e3

 49. Guimaraes PO, Quirk D, Furtado RH, Maia LN, Saraiva JF, Antunes 
MO, Kalil Filho R, Junior VM, Soeiro AM, Tognon AP, Veiga VC, 
Martins PA, Moia DDF, Sampaio BS, Assis SRL, Soares RVP, Piano 
LPA, Castilho K, Momesso R, Monfardini F, Guimaraes HP, Ponce 
de Leon D, Dulcine M, Pinheiro MRT, Gunay LM, Deuring JJ, Rizzo 
LV, Koncz T, Berwanger O, STOP-COVID Trial Investigators. Tofaci-
tinib in patients hospitalized with covid-19 pneumonia. N Engl J Med 
2021;385:406–15

 50. Roschewski M, Lionakis MS, Sharman JP, Roswarski J, Goy A, Monti-
celli MA, Roshon M, Wrzesinski SH, Desai JV, Zarakas MA, Collen J, 
Rose K, Hamdy A, Izumi R, Wright GW, Chung KK, Baselga J, Staudt 
LM, Wilson WH. Inhibition of Bruton tyrosine kinase in patients with 
severe COVID-19. Sci Immunol 2020;5:eabd0110


