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Abstract
Hemophagocytic lymphohistiocytosis (HLH) is a life-threatening systemic hyperinflammatory syndrome. The central patho-
genesis is an explosive cytokine storm characterized by a significant increase in proinflammatory cytokines, including IL-1β, 
IL-6, IL-18, IFN-γ, and TNF-α. Meanwhile, negative regulatory factors, such as IL-10 and TGF-β, are also related to the 
production of HLH. Exploring the specific mechanism of cytokine storms could provide ideas regarding targeted therapy, 
which could be helpful for early treatment to reduce the mortality of HLH. Although some research has focused on the 
advantages of targeted therapies, there is still a lack of a comprehensive discourse. This article attempts to summarize the 
mechanisms of action of various cytokines and provide a therapeutic overview of the current targeted therapies for HLH.
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Introduction

Scott and Robb-Smith first reported hemophagocytic lym-
phohistiocytosis (HLH) in 1939 [1]. The hereditary form of 
HLH was first described in 1952 as familial hemophagocy-
tosis [2]. HLH is a hyperinflammatory syndrome caused by 
cytokine storms due to the overactivation of cytotoxic T cells 
(CTLs), natural killer (NK) cells, and macrophages. The 
main clinical symptoms of HLH are fever, splenomegaly, 
blood cell reduction, frequent jaundice, skin abnormalities, 

and laboratory abnormalities [3]. Blood cell reduction 
includes hemoglobin, platelets, and neutropenia, and the 
skin abnormalities include panniculitis, measles-like ery-
thema, maculopapular rash, and systemic purpura [3]. The 
laboratory abnormalities include hyperferritinemia, hyper-
triglyceridemia, hypofibrinemia, low NK-cell activity, and 
elevated sCD25. Clinical observations suggest that in the 
emergency department, HLH should be considered in criti-
cally ill patients with fever, splenomegaly, low hemoglobin, 
and a low platelet count [4]. Furthermore, 30–73% of HLH 
patients have central nervous system symptoms, including 
seizures, focal defects, meningitis, and changes in the level 
of consciousness [5]. The central nervous system is affected 
and predicts a worse prognosis.

In epidemiological surveys in China, statistical results 
concerning the HLH incidence are lacking. Nonethe-
less, studies in Sweden and the UK have shown that the 
annual incidence of pHLH in children is approximately 
0.12/100,000 [6]. Moreover, the prevalence of HLH in chil-
dren in Texas is 1/100,000 [7]. In general, the incidence 
of HLH in Japan and China is higher than the average 
worldwide.

The case fatality rate of HLH is very high; the course 
of the disease is usually 7 days to 5 years, and the average 
survival time is 4 weeks. Drug therapy, bone marrow trans-
plantation, and hematopoietic stem cell transplantation can 
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significantly prolong survival. The 5-year progression-free 
survival rate was increased to 54–62% after treatment com-
pared with less than 5% in untreated patients [8]. Early and 
timely intervention for HLH is an effective way to prevent its 
progression. Currently, HLH-1994 and HLH-2004 revised 
by the Histocyte Society are the commonly used initial treat-
ment regimens for HLH [9].

Pathogenesis and classification of HLH

The HLH can be divided into primary and secondary types 
[10, 11]. Primary HLH is mainly caused by mutations in 
the perforin-dependent pathway, resulting in damage to the 
cytotoxic function of NK cells and CTLs, which usually 
occurs in the juvenile phase [11]. Primary HLH includes 
monogenic disorders classified into familial HLH, immune 
correlation HLH, and Epstein–Barr virus (EBV)–associ-
ated HLH (EBV-HLH) [12]. Secondary HLH is due to vari-
ous underlying conditions that lead to immune disorders, 
including infection, autoimmune diseases, and malignancies, 
especially infection [13]. Furthermore, secondary HLH is 
more common than primary HLH in adults generally with-
out a family history or known inherited genetic defect [14, 
15]. Primarily, macrophage activation syndrome (MAS) 
as a form of secondary HLH (or acquired HLH) is studied 
in this paper [16]. MAS occurs most frequently in patients 
with systemic juvenile idiopathic arthritis (sJIA) and sys-
temic lupus erythematosus in rheumatology [16]. Due to 
the particularity of EBV-HLH, it includes both primary 
and secondary HLH [17, 18]. Primary HLH in EBV-HLH 
has X-linked lymphoproliferative syndrome (XPL-1, XLP-
2) [17–21]. Regarding secondary HLH, the most common 
type in childhood HLH is virus-associated HLH, especially 
EBV-HLH [12, 20, 22].

Regarding the pathogenesis,  CD1+ macrophages can 
phagocytose free Hgb through CD1 and then produce IL-10 
and haem oxygenase-1 (HO-1). HO-1 can decompose haem 
into CO and  Fe2+.  Fe2+ is oxidized to  Fe3+ under heavy fer-
ritin chain (FHC) ferrous oxidase, further producing ferritin 
[23]. This regulation of ferritin is a compensatory mecha-
nism of organisms that can chelate  Fe2+ to initiate cytopro-
tective pathways, reduce oxidative stress-mediated apop-
tosis, and inhibit microvascular stasis. Ferritin can chelate 
 Fe2+ to initiate cytoprotective pathways, reduce oxidative 
stress-mediated apoptosis [24], and inhibit microvascular 
stasis [23]. In addition, macrophages secrete the plasmino-
gen activator after activation, leading to high plasmin lev-
els and hyperfibrinolysis [25]. Severe hypofibrinogenemia 
causes HLH complicated by fibrinolytic wasting coagulopa-
thy with a poor prognosis [26]. As mentioned earlier, TNF-α 
maintains high levels in HLH.

Treatment

The current initial treatment for HLH aims to suppress the 
excessive activation of the immune system and treat the 
cytokine storm [12]. According to the HLH-2004 treat-
ment plan, chemoimmunotherapy includes the initial use of 
etoposide, dexamethasone, cyclosporine A, methotrexate, 
and cortisol in selected patients. Cortisol (CS) is a first-line 
treatment. After excluding lymphoma-related HLH, dexa-
methasone or methylprednisolone can be used [12]. The dose 
of dexamethasone (DEX) is 10 mg/m2/day, and the dose of 
methylprednisolone (mPSL) pulse therapy is 20–30 mg/kg/
day (3 consecutive days, maximum 1 g/day) [12]. If cortisol 
is ineffective, the parenteral administration of cyclosporine 
A (CSA) can be used. CSA can quickly control symptoms 
and reduce cortisol usage. The dose of CSA is generally 
2–7 mg/kg/day [27]. Etoposide can play a role in treatments 
when cortisol and cyclosporine A are not effective. However, 
etoposide has potential toxicity and can cause bone mar-
row suppression and numerous infections during treatment 
[28, 29]. Antithymocyte globulin (ATG) may be a substitute 
for etoposide [30]. Familial, persistent, or recurrent HLH 
requires allogeneic hematopoietic stem cell transplantation 
[9]. The indications include (1) persistent NK-cell dysfunc-
tion; (2) proven familial or genetic diseases; (3) relapsed or 
refractory HLH; and (4) HLH with central nervous system 
involvement [31]. For patients with relapsed and refrac-
tory HLH, the initial treatment is not ideal for 25–50% of 
patients, resulting in a poor prognosis and a high mortality 
rate. For these patients with relapsed and refractory HLH, 
new targeted drug therapy may be the best choice [31].

The cytokine storm in HLH

Regardless of the causes of HLH, the exact pathophysiologi-
cal mechanisms lead to cytokine storms. Several cytokines 
have been studied in detail, including IL-1β, IL-6, IL-18, 
IFNγ, and macrophage colony-stimulating factor (M-CSF). 
These cytokines are divided into positive and negative regu-
lators according to their roles in HLH (Fig. 1). Below, we 
discuss several cytokines that play an essential role in an 
HLH cytokine storm and summarize their mechanisms of 
action and clinical findings.

Positive regulators

IL‑1β

IL-1β is a proinflammatory cytokine produced mainly by 
activated mononuclear macrophages, causing the activation 
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of white blood cells and endothelial cells and effective pro-
duction of other inflammatory cytokines, including IL-6 
[27]. IL-1β exists in an inactive form in vivo (proIL-1β) and 
accumulates persistently in the cytosol [32]. The activated 
processing of proIL-1β is closely bound to the nucleotide-
binding domain and leucine-rich repeat pyrin–contain-
ing protein-3 (NLRP3) and the proinflammatory protease 
caspase-1 [32]. Caspase-1 is activated by a variety of typi-
cal inflammasomes belonging to the following three gene 
families: AIM2-like receptors (ALRs), Nod-like receptors 
(NLRs), and tripartite motif family (TRIM) [33]. When 
exogenous ATP activates cells via the P2X7 receptor, pro-
caspase-1 is activated by recruiting the NLRP3 inflamma-
some, which causes activated caspase-1 to convert proIL-1β 
into a biologically active form, and mature IL-1β is secreted 
out of the cell [27, 34, 35]. IL-1β has been highly corre-
lated with systemic juvenile idiopathic arthritis (sJIA), the 
primary disease triggering HLH [36]. Therefore, the inhibi-
tion of IL-1β can control the occurrence and development 
of HLH during treatment [27].

IL‑6

IL-6 is a multifunctional cytokine produced by macrophages 
that is commonly secreted with TNF-α and IL-1β during the 
early stage of inflammation [27, 37]. IL-6 can play proin-
flammatory and anti-inflammatory roles under certain condi-
tions, which is critical in a cytokine storm.

The binding of IL-6 to IL-6R initiates an IL-6 signaling 
cascade mediated by the ubiquitous transmembrane protein 
gp130 as an IL-6 signal transducer [38].

After the activation of IL-6R signaling, two major down-
stream signaling pathways are activated, including the Janus 
kinase (JAK) signal transducer and activator of transcrip-
tion 3 (STAT3) pathway and the JAK-SH2 domain tyrosine 
phosphatase 2 (SHP2)–mitogen-activated protein (MAP) 
kinase pathway [38]. In the JAK-STAT3 pathway, STAT3 is 

phosphorylated by JAK kinase to form a homologous dimer 
that is transferred to the nucleus for transcriptional activ-
ity [39]. Additionally, STAT3-dependent IL-6R signaling 
induces the expression of suppressors of cytokine signaling 
1 (SOCS1) and SOCS3, which play an anti-inflammatory 
role. [38, 40]. On the one hand, the binding of SOCS1 to 
JAK directly reduces its activity [40]. On the other hand, 
SOC3 binds GP130 to block the induction of the IL-6 signal-
ing cascade and terminate JAK activation [38].

To date, the role of IL-6 in the pathogenesis of MAS 
has still not been comprehensively investigated. In a study 
of transgenic mice overexpressing IL-6, the results indi-
cate that long-term exposure to IL-6 leads to an increased 
inflammatory response to Toll-like receptor (TLR) ligands 
[37]. This finding suggests that the increased IL-6 in HLH 
may be related to an amplified inflammatory response that 
causes a cytokine storm [27]. In addition, IL-6 has an inhibi-
tory effect on the cytotoxicity of NK cells by decreasing the 
expression of perforin and granzyme B based on observa-
tions using IL-6-Tg mouse models [41]. The results of the 
above research may contribute to a deeper understanding of 
the pathogenesis of HLH.

IFN‑γ

In recent studies, IFN-γ has been shown to play an impor-
tant role in the cytokine storm of HLH. IFN-γ is a type II 
interferon secreted by T lymphocytes and NK cells during 
the Th1-mediated immune response process. IFN-γ plays an 
influential regulatory role in regulating the immune system 
and is an indispensable component required for the body to 
play its immune function and remove pathogens from the 
body [42]. In an inflammatory environment, IFN-γ triggers 
immune responses and stimulates the elimination of patho-
gens [43, 44]. It also prevents the excessive activation of the 
immune system and tissue damage. However, the mechanism 
of this reaction is not yet understood [43, 44]. IFN-γ plays a 

Fig. 1  Regulation of various 
cytokines on immune-related 
cells in HLH-induced cytokine 
storm
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role in activating monocytes and macrophages. Macrophages 
activated by IFN-γ have a typical proinflammatory pheno-
type manifested by an enhanced response to TLR ligands 
and antigen processing and upregulation. These activated 
macrophages can produce multiple cytokines in turn, includ-
ing IL-6 and IL-12, leading to a more severe inflammatory 
response [27, 45–47]. Meanwhile, the blood level of the 
downstream effector chemokine C-X-C motif ligand nine is 
increased along with IFN-γ [48].

Thus far, several studies have demonstrated the central 
role of IFN-γ in the pathogenesis of FHLH [49]. IFN-γ 
showed a significantly elevated trend in the correspond-
ing animal models [50, 51]. In initial mouse experiments, 
it was demonstrated that hyperactive CTLs and high levels 
of IFN-γ cause severe HLH [50]. In another experiment, 
after using antibodies to exhaust IFN-γ in HLH model 
mice, survival was significantly improved compared with 
that following the neutralization of other factors in the same 
model [50]. Similarly, in relevant human studies, IFN-γ was 
disproportionately increased in HLH patients compared to 
other cytokines and was significantly decreased following 
treatment with effective drugs. This result also provides new 
ideas concerning the treatment of HLH using IFN-γ blockers 
to achieve therapeutic effects [52, 53].

IL‑18

IL-18 is a proinflammatory cytokine in the IL-1 family pro-
duced by activated macrophages [54, 55]. It induced IFN-γ 
production in NK and T cells and was initially described 
as an IFN-γ-inducing factor isolated from serum [27, 55]. 
IL-18 can also induce the release of other proinflammatory 
cytokines, such as TNFα and chemokines [27]. Diagnosti-
cally, IL-18 can help distinguish the type of HLH and deter-
mine the susceptibility of patients who have hyperferritine-
mia or autoinflammatory diseases to MAS [56]. It is possible 
that because IL-18 belongs to the same family of cytokines 
as IL-1β, it is similar to IL-1β in several ways [55]. IL-18 
is an inactive precursor in macrophages, monocytes, and 
dendritic cells and is processed into the mature form by acti-
vated caspase-1 in cells [55].

Although the binding receptor is different, the down-
stream effector pathway of IL-18 is similar to that of IL-1β 
[55]. IL-18 first binds the ligand-binding chain IL-18Rα 
with low affinity and then recruits the coreceptor IL-18Rβ to 
initiate TLR/IL-1R-like proinflammatory signaling through 
the MyD-IRAK1/4-NF-κB axis and p38 mitogen-activated 
protein (MAP) kinase [57, 58]. However, there are differ-
ences in signal transduction between IL-18 and IL-1β. IL-18 
must be activated, requiring stimulants that increase the 
number of IL-18 receptors on immunoreactive cells, such as 
IL-12, which is essential for IL-18 to induce IFN-γ produc-
tion [55, 58]. Moreover, IL-18 requires a high concentration 

of 10–20 ng/ml to be activated. In contrast, IL-1β activates a 
wide range of cells at low concentrations without stimulants, 
often in the picograms or less per milliliter range [59].

TNFα

TNFα is a polymorphic pro-inflammatory cytokine produced 
mainly by macrophages and monocytes and can drive the 
polarization of macrophages with an M1 phenotype [26, 27].

A study on the effect of rhTNF on the activity of periph-
eral blood NK cells in patients showed that after receiv-
ing NK cell treatment, the specific lysis value of NK cells 
isolated from peripheral blood mononuclear leukocytes 
decreased [60]. This experiment provides evidence that 
TNF-α has a negative regulatory effect on the activity of NK 
cells. The speculated mechanism is that TNF-α can increase 
the adhesion of vascular endothelial cells to NK cells or has 
a direct toxic effect on NK cells. The activity of NK cells is 
inhibited in the progress of HLH, and its functional defect is 
an integral part of HLH [61]. When NK cells are inhibited, 
it will cause a prolonged inflammatory response, which is 
not suitable for HLH healing [62].

Although TNF-α levels are significantly elevated in 
animal models of HLH, it does not appear to be the core 
cytokine responsible for HLH [27, 51].

Negative regulators

IL‑10

IL-10 is expressed by various immune cells, one of the three 
major subgroups of the IL-10 cytokine family, and has a 
variety of immune mediator functions [63]. IL-10 mainly 
sends signals through the JAK-STAT pathway, acts on 
various cells of the immune system, and exerts a powerful 
anti-inflammatory function [64]. IL-10 mainly interferes 
with the function of antigen-presenting cells (APC) and the 
expression of major histocompatibility complex-2 (MHC-
II) leading to the dysfunction of antigen presentation [65]. 
Furthermore, IL-10 inhibits cytokines required for the dif-
ferentiation of CD4 + T cells, such as IL-12 and IL-23, and 
directly acts on T cells to inhibit T-cell proliferation and the 
secretion of cytokines [66], and induce anergy [67]. Regard-
ing  CD8+ T cells, IL-10 impairs secondary responses [68]. 
In addition, IL-10 can similarly inhibit the production of 
inflammatory mediators by neutrophils [69].

The essence of HLH is inflammatory response overload, 
and IL-10 can slow the occurrence of HLH to a certain 
extent. Existing experiments have shown that MAS model 
mice injected with CpG continuously exhibit IL-10 block-
ade, which induces and worsens explosive MAS [70]. The 
protective mechanism of IL-10 on immune cells is as fol-
lows. Macrophages phagocytose and clear free hemoglobin 
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(Hgb) mediated by the surface CD163 receptor and produc-
ing IL-10 and haem oxygenase (HO-1) [24]. IL-10 upregu-
lates the expression of CD163 on macrophages [71]. HO-1 
mediates the decomposition of haem to produce carbon 
monoxide (CO) and ferrous ions (Fe 2+), which have an anti-
inflammatory effect [26]. By inhibiting the overall immune 
system, IL-10 has an important negative regulatory effect 
on HLH.

TGF‑β

According to the human genome, the 32 members of the 
TGF-β ligand superfamily are mainly divided into two sub-
families, TGF-β and BMP [72]. The TGF-β subfamily is 
the most important member of the immune regulation of 
the TGF-β superfamily. TGF-β binds TβRII with high affin-
ity, recruits TβR1 with the assistance of TβRIII [73], and 
activates the Smad protein family through phosphorylation 
[74]. Phosphorylated Smad2, Smad3, and Smad4 form het-
eromeric complexes that regulate the interaction between the 
nucleus and various transcription factors, leading to cellular 
responses [75].

TGF-β plays an important role in regulating the normal 
function of the immune system, especially the regulation of 
T-cell types, suggesting that TGF-β may play an essential 
role in inhibiting the process of HLH. TGF-β can inhibit 
the proliferation of CD4 + T cells by inhibiting the produc-
tion of autocrine IL-2 [76]. TGF-β can activate the Smad 
protein family, cooperating with ATF1 to inhibit CTL cells 
from secreting IFN-γ, perforin, granzyme, and Fas ligand 
[77]. The Smad2 protein activated by TGF-β and the acti-
vated STAT5 signal and NFAT signal cooperate to induce 
the expression of Foxp3 to promote the differentiation of 
Treg cells [78]. Furthermore, TGF-β inhibits the differentia-
tion of Th1 cells by inhibiting the T-bet transcription factor 
and inhibits the differentiation of Th2 cells by inhibiting the 
expression of MSC and SOX4 [79–81]. The above processes 
are all caused by activating the Smad protein. In addition, 
TGF-β can inhibit NK-cell function in many ways [82].

In summary, TGF-β can negatively regulate the functions 
of various immune cells, and promote the proliferation and 
differentiation of Treg cells. Through the regulation of T 
cells and NK cells, the progression of HLH may be slowed.

Treg‑IL‑2 homeostasis network

Regulatory T cells (Tregs) play a critical negative regula-
tory role in the immune response. In maintaining immune 
homeostasis and self-tolerance, Tregs can suppress exces-
sive or misleading immune responses to their normal 
tissue cells [83]. The Treg population mainly refers to 
CD4 + CD25 + T cells, which explicitly express forkhead 
box protein 3 (Foxp3) [84]. Foxp3, as a specific protein, 

plays a negative regulatory role mainly through the tran-
scription of silencing T-cell effector genes and the acti-
vation of molecular genes encoding inhibitory functions 
[83].

T cells with adverse regulatory effects may substan-
tially affect the entire HLH process, but these cells suffer 
a series of destruction during HLH. In an experiment in 
which LCMV infection activated the immune system of 
wild-type mice and perforin-deficient (Prf1 -/-) mice, the 
Prf1 − / − mice had the same genetic defect characteristics 
as patients with familial hematopoietic lymphohistiocyto-
sis (FHL) [85]. The experiment revealed that after 10 days 
of LCMV infection, the number of Tregs in the wild-type 
mice was reduced by 40%, while the number of Tregs in 
the Prf1 − / − mice was reduced by 90%. Further study of 
the phenotype showed that compared with the wild-type 
mice, the expression of Foxp3 and CD103 on the Treg 
cells in the Prf1 − / − mice was reduced, indicating that 
its function was impaired. This finding is related to dam-
age to the homeostatic network of Treg-IL-2. After infec-
tion, CD25 receptors on the surface of Tregs are reduced, 
CD8 + T cells consume too much IL-2, and IL-2 signals 
cannot be transmitted, resulting in a decrease in down-
stream Mcl1 expression and providing a potential mecha-
nism for the death of Tregs.

TNF‑α

TNF-α is a cytokine that plays a positive role in the pro-
gression of HLH, which was described above.

There are cases in which TNF-α inhibitors indirectly 
induce HLH, which is inconsistent with the discussion 
of TNF-α as a positive regulator of HLH. In a literature 
review by Rahaf Baker et al., there were 10 reports of 
MAS associated with etanercept, infliximab, or adali-
mumab [86]. The report showed that the occurrence of 
MAS was time-correlated with the use of TNF-α inhibi-
tors, and patients developed adalimumab-related MAS 
2.5 months after the use of adalimumab. The possible 
mechanisms of TNF-α inhibitor-related MAS include 
infection and immune system disorders. Four of the 
reported cases developed infections after the use of adali-
mumab, including visceral leishmaniasis, disseminated 
histoplasmosis, liver abscess, and primary EBV. Further-
more, TNF-α rarely leads to a paradoxical effect of the 
immune response, i.e., compensatory immune system acti-
vation following a suppressive effect on the immune sys-
tem [87], which can lead to an imbalance in the immune 
system, which can cause MAS. TNF-α inhibitors may be 
related to the occurrence of HLH, but they cannot confirm 
the negative regulatory effect of TNF-α, and the related 
mechanism still needs to be explored.
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Target therapy

HLH is divided into primary and secondary. Regarding 
HLH caused by gene mutations (PRF1, UNC13D, STX11, 
and STXBP2), the current primary method is to provide 
symptomatic treatment (using steroids and chemotherapy) 
to extend life, including the HLH-94 and HLH-2004 pro-
grams [25]. The only cure is allogeneic hematopoietic 
stem cell transplantation (HSCT) [88]. Regarding second-
ary HLH caused by multiple factors, etiological treatment 
is given based on the cause, such as infection, cancer, and 
autoimmune disease. Furthermore, measures are taken to 
counter the excessive immune response [88].

The overall goal of treatment in children with HLH is 
to suppress and control excessive inflammation and hyper-
cytokinemia and eliminate activated and infected cells 
[89]. However, a large proportion of pediatric patients 
with HLH are genetically related; thus, the effect of using 
conventional drugs is not ideal. Once the genetic form of 
HLH is diagnosed, HLA typing is required immediately. 
For PRF1, UNC13D, STX11, STXBP2, RAB27A, LYST, 
SH2D1A, and some XIAP-deficient pediatric patients, 
HSCT is effective under suitable donor conditions [10]. 

Regarding HPS, currently, experience in the clinical use 
of targeted therapy drugs, such as anakinra (recombinant 
IL-1 receptor antagonist) and emapalumab (anti-IFN-γ 
monoclonal antibody), is limited. In a trial of 44 pediatric 
HLH patients treated with anakinra [90], the cohort’s over-
all mortality rate was 27%. Anakinra was associated with 
decreased mortality (P = 0.046), and the serum ferritin lev-
els were decreased by 57%. In another trial involving 34 
pediatric HLH patients using emalumab [91], 65% of the 
emapalumab group showed efficacy, and 71% of the ema-
palumab group survived in the last observation. Anakinra 
and emapalumab have been proven to be effective against 
HPS in clinical trials, and more targeted therapies will be 
used to treat HPS in the future.

In summary, cytokine-related targeted therapies have 
become more attractive recently, and next, we introduce the 
mechanism and research status of the currently popular tar-
geted drugs (Figs. 2 and 3).

IL‑1β inhibitors

Canakinumab is a high-affinity monoclonal antibody target-
ing the IL-1β cytokine, a common therapeutic target for sJIA 
[16, 26]. Canakinumab can combine with IL-1β in humans 

Fig. 2  Mechanism of action of 
various cytokine antagonists in 
the HLH target therapy

Fig. 3  Comparison of clinical 
trial stages of various cytokine 
targeting inhibitors
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to reduce the increased IL-1β content. Nevertheless, stud-
ies have shown that canakinumab has no significant effect 
on the MAS incidence, although it effectively controls the 
symptoms of sJIA effectively [92].

Anaconda is a recombinant IL-1Rα antagonist that com-
petitively inhibits the activity of IL-1α and IL-1β [26, 93]. 
It has been reported that anaconda used as an auxiliary in 
clinical treatment could play an effective role in 12 pediat-
ric MAS patients [94]. In general, the incidence of MAS in 
patients with sJIA is ambiguous, suggesting the need for 
further clinical research.

IL‑6 inhibitor: tocilizumab

Tocilizumab (TCZ) is a humanized monoclonal antibody 
against the IL-6 receptor [16, 95], and is effective in treat-
ing rheumatoid arthritis [96]. In cytokine-release syndrome, 
TCZ can entirely reverse cytokine disorders and multiple-
organ failure, which is significant for treating cytokine 
storms in severe HLH. TCZ inhibits IL-6-mediated signaling 
by combining with IL-6R and can be an alternative therapy 
for patients with HLH [16, 95]. In a phase III clinical trial 
of SJIA in Japan, MAS occurred in approximately 1.5% of 
SJIA patients after TCZ treatment [96]. Although TCZ can 
treat sJIA effectively, it does not reduce the incidence of 
MAS complications and even changes the clinical symptoms 
and laboratory results of MAS [96, 97]. It was reported that 
the C-reactive protein (CRP) levels remained in the nor-
mal range in some patients who received TCZ and that the 
elevated levels of ferritin were lower than before [97–99]. 
Therefore, the role of TCZ in the treatment of HLH-induced 
cytokine storms may be limited.

IL‑18 inhibitor: rhIL‑18BP

The activity of IL-18 is regulated by the high-affinity bind-
ing protein in the human body, called IL-18-binding protein 
(IL-18BP) [7]. IL-18BP is a constituent-secreted protein, 
and the serum concentration in healthy people is a 20-fold 
molar excess of IL-18, which forms a natural balance [28, 
31]. In addition, increased IFN-γ can enhance the gene 
expression of IL-18BP, resulting in a negative feedback 
loop of the inflammatory response [31]. Once the balance 
between IL-18 and IL-18BP is broken, it may activate T 
lymphocytes and macrophages, inducing the production of 
large amounts of IFN-γ and TNF-α and then causing HLH 
[8, 28]. One study showed that patients with XIAP defi-
ciency had significantly and persistently elevated serum 
IL-18 levels, resulting in a much higher than average sus-
ceptibility to HLH [3, 33]. Therefore, maintaining the level 
of IL-18 in the human body through the artificial regulation 
of IL-18BP to treat HLH may be an effective cytokine tar-
geted therapy [34].

In animal studies of perforin-deficient mice, synthetic 
IL-18BP improved liver damage but had a limited effect on 
the cytokine storm, suggesting that further work is needed 
to characterize the effects of IL-18BP [100]. Moreover, 
recombinant human IL-18BP (rhIL-18BP) was successfully 
applied in combination with anaconda to treat severe refrac-
tory NLRC4-MAS infants [101]. This report suggests that 
IL-18 inhibition may be an effective strategy for HLH, at 
least in the genetic background of NLRC4 mutations [55]. 
To date, it has been proven to be a promising biological 
drug.

IFN‑γ inhibitor

The HLH-94 protocol is commonly used for the treatment 
of HLH, and HLH treatment in adults and children inhib-
its life-threatening inflammation of the disease [102, 103]. 
The mortality rate remains high despite HLH treatment. As 
cytokine-targeting drugs are increasingly identified, the tar-
geted drugs for IFN-γ are emapalumab and ruxolitinib until 
now. Emapalumab is an IFN-γ antagonist, and ruxolitinib 
not only antagonizes IFN-γ but also treats HLH by inhibiting 
the JAK-STAT pathway [103–105].

Emapalumab is the first approved cytokine-targeted treat-
ment for HLH [102]. Emapalumab has been approved for 
refractory patients with primary HLH, recurrence, or pro-
gressive HLH in adults or children with intolerance to con-
ventional treatment [102]. It is a complete human immuno-
globulin G1 monoclonal antibody with the noncompetitive 
inhibition of IFN-γ and has a high affinity (K(d) = 1.4 pM) 
binding to free IFN-γ and IFN-γ bound to its receptor [102]. 
An experiment used a model of perforin-null (Prf1 − / −) 
mice. Then, the mice developed HLH-like pathology after 
stimulation with lymphocytic choriomeningitis virus. After 
adequate treatment with antibodies, CD8 + T cells and IFN-γ 
were consumed, improving the survival rate of the mice [50].

A study investigated the safety and efficacy of ema-
palumab in children affected by HLH (NCT01818492) 
[91]. Thirty-four pediatric patients with primary HLH par-
ticipated in the trial, with a median age of 1 year. Twenty-
five (74%) patients harbored germline mutations affecting 
the pHLH genes. Of the 34 patients, 27 were previously 
treated for HLH, and 7 were treatment naïve. All 34 patients 
received emapalumab at an initial dose of 1 mg/kg every 
three days with a possible escalation up to 10 mg/kg for 
at least 4 weeks, with dexamethasone throughout. Of the 
27 previously treated patients, 26% achieved a complete 
response (CR), 30% achieved a partial response (PR), and 
7% achieved “disease improvement.” Of the seven treatment-
naive patients, there was 0% CR, 43% PR, 29% disease 
improvements, and two patients without a response (29%).

The outcome does not rival the 69% CR rate among the 
HLH patients in the HLH-94 study; thus, the therapy method 
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of single emapalumab does not satisfy the demand for cur-
ing HLH contemporarily [106]. Multiple cytokines play a role 
in the high inflammatory cytokine storms in HLH; thus, tar-
geting single cytokines may not be sufficient to improve the 
tissue inflammation and organ disorder that accompany the 
disease [70, 107]. Notably, the inhibition of single cytokines 
may not appear to be the future development direction of HLH 
and related inflammation control. In clinical practice, HLH 
patients are often complicated by other diseases, and some-
times, primary and secondary HLH cannot be distinguished. 
Therefore, even if emapalumab has a certain control effect on 
patients with secondary HLH, etoposide and dexamethasone 
are still the main treatment options at this stage. Furthermore, 
we need to focus on the idea of multi cytokine inhibition, such 
as ruxolitinib.

Ruxolitinib is a selective kinase inhibitor that inhibits 
Janus-related kinase (Janus-associated kinases, JAKs) JAK1 
and JAK2 and blocks the JAK signaling and transcription acti-
vator (signal transducer and activator of transcription, STAT) 
pathway. Janus kinase (JAK) signal transducer and activator of 
transcription (STAT) is the common path of many cytokines 
(IFN-γ, IL-2, IL-6, IL-10, IL-12, and GM-CSF) in the signal 
transmission of the pathogenesis of HLH [108]. Ruxolitinib 
inhibits JAK1 and JAK2, but not IFN-γ [109, 110], which plays 
a role downstream of multiple cytokines [109, 110]. However, 
whether the beneficial role of ruxolitinib stems solely from tar-
geting the IFN-γ signaling pathway or targeting other cytokine 
signaling pathways remains unclear [104]. Studies have shown 
that the discontinuity treatment with ruxolitinib is expected to 
improve survival in patients with HLH [111]. As of 2021, 18 
studies reported 115 HLH patients receiving ruxolitinib [88]. 
The method of administration was twice a day, and the dose 
range is 2.5–25 mg. The results showed that within 24–48 h 
of medication, the clinical symptoms were improved, and the 
levels of ferritin, soluble CD25, IFN-γ, IL-18, and MIP-1-α 
in the plasma were reduced until they returned to normal [88]. 
Recently, new studies showed that ruxolitinib has more evident 
advantages in reducing cytokine levels and organ enlargement 
than simply applying IFN-γ antagonists. Ruxolitinib can sig-
nificantly reduce the frequency and/or absolute number of 
invasive organ CD8 + cells, monocyte cells, and neutrophils 
and reduce the activation of T cells and neutrophils [104]. 
The most critical mechanism may sensitize  CD8+ T cells to 
dexamethasone-induced apoptosis. This finding also provides 
a new research direction and idea for the prognosis of HLH.

Conclusion

As a refractory hyperinflammatory syndrome, HLH has not 
been fully analyzed thus far, and the effects of treatment 
options are uneven. However, the common pathways of the 

cytokine storm of primary and secondary HLH provide tar-
geted therapy ideas.

The positive regulatory media mainly include IL-1β, 
IL-6, IFN-γ, and IL-18. The proIL-1β of mononuclear 
macrophages is activated to IL-1β under the stimulation 
of exogenous ATP [35] and causes the activation of white 
blood cells and endothelial cells out of the cell [27]. The 
ideal inhibitors of IL-1 include canakinumab and anakinra. 
IL-6 produced by macrophages exerts an anti-inflammatory 
effect through the JAK-STAT signaling pathway [38, 39], 
and exerts a proinflammatory effect through the Toll-like 
receptor pathway [38, 40] while inhibiting the cytotoxicity 
of NK cells [41]. The ideal inhibitor of IL-6 is tocilizumab. 
CTLs produce a large amount of IFN-γ after being out of 
control [53], and IFN-γ exerts a proinflammatory effect by 
activating macrophages to produce more cytokines [112]. 
The ideal inhibitor of IFN-γ is emapalumab. IL-18 is mainly 
produced by activated macrophages [54, 55]. The action of 
costimulatory factors activates TLR/IL-1R-like proinflam-
matory signaling [55, 57, 58], thereby activating T cells 
and macrophages, and inducing the release of other proin-
flammatory cytokines [55]. The ideal inhibitor of IL-18 is 
rhIL-18BP.

The negative regulatory media mainly include IL-10, 
TGF-β, and Tregs. IL-10 produced by a variety of immune 
cells can weaken cellular immunity and enhance humoral 
immunity through the JAK-STAT signaling pathway [64], 
while simultaneously triggering the protective mechanism 
of immune cells [71]; thus, it can reduce HLH to a certain 
extent. TGF-β directly inhibits the secretion of IL-2 [76] 
and can also activate the Smad protein family to negatively 
regulate Th cells, CTL cells, and NK cells [79–82]. How-
ever, TGF-β promotes the proliferation and differentiation 
of Treg cells [78]. TGF-β may slow the HLH process. As an 
important immune regulatory cell, Tregs can play a nega-
tive regulatory role through transcription of silencing T cell 
effector genes and activation of molecular genes encoding 
inhibitory functions [83]. During the HLH period, Tregs are 
depleted, and the Treg-IL-2 homeostasis network is dam-
aged [85]. Therefore, restoring the Treg-IL-2 homeostasis 
network may achieve a therapeutic effect [85]. Currently, 
the ideal therapeutic drug for negative regulation media 
is recombinant cytokines to enhance the inhibitory effect. 
However, the negative regulation media have not been fully 
studied, and are currently in the theoretical stage.

In summary, the cytokine regulation mechanism in the 
complex pathogenesis of HLH is still important, and fur-
ther understanding of the target treatment options of various 
mediators could greatly increase the cure rate of HLH.

Abbreviations HLH:  Hemophagocytic lymphohistiocytosis; 
CTL: Cytotoxic T-cells; NK: Natural killer; EBV: Epstein–Barr virus; 
MAS: Macrophage activation syndrome; sJIA: Systemic juvenile 

573Immunologic Research  (2022) 70:566–577

1 3



idiopathic arthritis; XLP: X-linked lymphoproliferative; HO-1: Heme 
oxygenase-1; FHC: Ferritin heavy chain; CS: Cortisols; DEX: Dexa-
methasone; mPSL: Methylprednisolone; CSA: Cyclosporine A; ATG 
: Antithymocyte globulin; ALRs: AIM2-like receptors; NLRs: Nod-
like receptors; TRIM: Tripartite motif family; JAK: Janus kinase; 
STAT3: Signal transducer and activator of transcription 3; MAP: Mito-
gen-activated protein; SOCS: Signaling induces the expression of 
suppressor of cytokine signaling; APC: Antigen-presenting cells; 
MHC: Major histocompatibility complex; Treg: Regulatory T cells; 
PCR: Polymerase chain reaction; TCZ: Tocilizumab; Hgb: Hemoglobin

Author contribution The author Han-Qi Zhang, Si-Wei Yang, and Yi-
Cheng Fu wrote the manuscript; Han-Qi Zhang completed the drawing; 
Yi-Cheng Fu and Han-Qi Zhang contributed to the tabulation; Han-Qi 
Zhang, Ming-Cong Chen, and Cheng-Hao Yang approved the outline; 
Xiao-Dan Liu participated in the revision of the article; and Qing-
Nan He, Hua Jiang, and Ming-Yi Zhao provided financial support. All 
authors read and approved the final manuscript.

Funding This work was supported by the National Natural Science 
Foundation of China (81974000), the Natural Science Foundation of 
Hunan Province (no. 2021JJ10077), Key Research and Development 
Project of Hunan Province (grant no. 2020SK2089), and Horizontal 
Scientific Research Project of Guangzhou Women and Children’s 
Medical Center (no. S-20200709–1).

Declarations 

Conflict of interest The authors declare no competing interests.

References

 1. Ullah W, Abdullah HM, Qadir S, Shahzad MA. Haemophago-
cytic lymphohistiocytosis (HLH): a rare but potentially fatal 
association with Plasmodium vivax malaria. BMJ case reports. 
2016.

 2. Farquhar JW, Claireaux AE. Familial haemophagocytic reticu-
losis. Arch Dis Child. 1952;27(136):519–25.

 3. Machowicz R, Janka G, Wiktor-Jedrzejczak W. Similar but not 
the same: differential diagnosis of HLH and sepsis. Crit Rev 
Oncol Hematol. 2017;114:1–12.

 4. Zhang FJ, Huang GQ, Li J, Xu J, Li XM, Wang AM. Clinical 
characteristics of adult hemophagocytic lymphohistiocytosis in 
the emergency department. Int J Gen Med. 2021;14:4687–94.

 5. Horne A, Wickström R, Jordan MB, Yeh EA, Naqvi A, Henter 
JI, Janka G. How to treat involvement of the central nervous sys-
tem in hemophagocytic lymphohistiocytosis? Curr Treat Options 
Neurol. 2017;19(1):3.

 6. Meeths M, Horne A, Sabel M, Bryceson YT, Henter JI. Incidence 
and clinical presentation of primary hemophagocytic lymphohis-
tiocytosis in Sweden. Pediatr Blood Cancer. 2015;62(2):346–52.

 7. Niece JA, Rogers ZR, Ahmad N, Langevin AM, McClain KL. 
Hemophagocytic lymphohistiocytosis in Texas: observations on 
ethnicity and race. Pediatr Blood Cancer. 2010;54(3):424–8.

 8. Bergsten E, Horne A, Aricó M, Astigarraga I, Egeler RM, Fil-
ipovich AH, Ishii E, Janka G, Ladisch S, Lehmberg K, McClain 
KL, Minkov M, Montgomery S, Nanduri V, Rosso D, Henter 
JI. Confirmed efficacy of etoposide and dexamethasone in HLH 
treatment: long-term results of the cooperative HLH-2004 study. 
Blood. 2017;130(25):2728–38.

 9. Henter JI, Horne A, Aricó M, Egeler RM, Filipovich AH, 
Imashuku S, Ladisch S, McClain K, Webb D, Winiarski J, 
Janka G. HLH-2004: diagnostic and therapeutic guidelines for 
hemophagocytic lymphohistiocytosis. Pediatr Blood Cancer. 
2007;48(2):124–31.

 10. Canna SW, Marsh RA. Pediatric hemophagocytic lymphohis-
tiocytosis. Blood. 2020;135(16):1332–43.

 11. Hayden A, Park S, Giustini D, Lee AY, Chen LY. Hemophago-
cytic syndromes (HPSs) including hemophagocytic lymphohis-
tiocytosis (HLH) in adults: a systematic scoping review. Blood 
Rev. 2016;30(6):411–20.

 12. Morimoto A, Nakazawa Y, Ishii E. Hemophagocytic lympho-
histiocytosis: pathogenesis, diagnosis, and management. Pedi-
atr Int. 2016;58(9):817–25.

 13. Janka GE, Lehmberg K. Hemophagocytic syndromes–an 
update. Blood Rev. 2014;28(4):135–42.

 14. Daver N, McClain K, Allen CE, Parikh SA, Otrock Z, Rojas-
Hernandez C, Blechacz B, Wang S, Minkov M, Jordan MB, La 
Rosée P, Kantarjian HM. A consensus review on malignancy-
associated hemophagocytic lymphohistiocytosis in adults. 
Cancer. 2017;123(17):3229–40.

 15. Ramos-Casals M, Brito-Zerón P, López-Guillermo A, Kha-
mashta MA, Bosch X. Adult haemophagocytic syndrome. Lan-
cet (London, England). 2014;383(9927):1503–16.

 16. Grom AA, Horne A, De Benedetti F. Macrophage activation 
syndrome in the era of biologic therapy. Nat Rev Rheumatol. 
2016;12(5):259–68.

 17. Hatta K, Morimoto A, Ishii E, Kimura H, Ueda I, Hibi S, 
Todo S, Sugimoto T, Imashuku S. Association of transforming 
growth factor-beta1 gene polymorphism in the development 
of Epstein-Barr virus-related hematologic diseases. Haemato-
logica. 2007;92(11):1470–4.

 18. Toga A, Wada T, Sakakibara Y, Mase S, Araki R, Tone Y, 
Toma T, Kurokawa T, Yanagisawa R, Tamura K, Nishida N, 
Taneichi H, Kanegane H, Yachie A. Clinical significance of 
cloned expansion and CD5 down-regulation in Epstein-Barr 
Virus (EBV)-infected CD8+ T lymphocytes in EBV-asso-
ciated hemophagocytic lymphohistiocytosis. J Infect Dis. 
2010;201(12):1923–32.

 19. Favara BE, Jaffe R, Egeler RM. Macrophage activation and 
hemophagocytic syndrome in langerhans cell histiocytosis: 
report of 30 cases. Pediatr Dev Pathol. 2002;5(2):130–40.

 20. Lehmberg K, Sprekels B, Nichols KE, Woessmann W, Müller I, 
Suttorp M, Bernig T, Beutel K, Bode SF, Kentouche K, Kolb R, 
Längler A, Minkov M, Schilling FH, Schmid I, Vieth S, Ehl S, 
Zur Stadt U, Janka GE. Malignancy-associated haemophagocytic 
lymphohistiocytosis in children and adolescents. Br J Haematol. 
2015;170(4):539–49.

 21. Takahashi N, Miura I, Chubachi A, Miura AB, Nakamura S. 
A clinicopathological study of 20 patients with T/natural killer 
(NK)-cell lymphoma-associated hemophagocytic syndrome with 
special reference to nasal and nasal-type NK/T-cell lymphoma. 
Int J Hematol. 2001;74(3):303–8.

 22. Ravelli A, Davì S, Minoia F, Martini A, Cron RQ. Mac-
rophage activation syndrome. Hematol Oncol Clin North Am. 
2015;29(5):927–41.

 23. Vercellotti GM, Khan FB, Nguyen J, Chen C, Bruzzone CM, 
Bechtel H, Brown G, Nath KA, Steer CJ, Hebbel RP, Belcher 
JD. H-ferritin ferroxidase induces cytoprotective pathways and 
inhibits microvascular stasis in transgenic sickle mice. Front 
Pharmacol. 2014;5:79.

 24. Schaer CA, Schoedon G, Imhof A, Kurrer MO, Schaer DJ. 
Constitutive endocytosis of CD163 mediates hemoglobin-heme 
uptake and determines the noninflammatory and protective tran-
scriptional response of macrophages to hemoglobin. Circ Res. 
2006;99(9):943–50.

574 Immunologic Research  (2022) 70:566–577

1 3



 25. Janka GE. Hemophagocytic syndromes. Blood Rev. 
2007;21(5):245–53.

 26. Crayne CB, Albeituni S, Nichols KE, Cron RQ. The immu-
nology of macrophage activation syndrome. Front Immunol. 
2019;10:119.

 27. Schulert GS, Grom AA. Pathogenesis of macrophage activation 
syndrome and potential for cytokine- directed therapies. Annu 
Rev Med. 2015;66:145–59.

 28. Gupta AA, Tyrrell P, Valani R, Benseler S, Abdelhaleem M, 
Weitzman S. Experience with hemophagocytic lymphohistiocy-
tosis/macrophage activation syndrome at a single institution. J 
Pediatr Hematol Oncol. 2009;31(2):81–4.

 29. Sung L, King SM, Carcao M, Trebo M, Weitzman SS. Adverse 
outcomes in primary hemophagocytic lymphohistiocytosis. J 
Pediatr Hematol Oncol. 2002;24(7):550–4.

 30. Coca A, Bundy KW, Marston B, Huggins J, Looney RJ. Mac-
rophage activation syndrome: serological markers and treatment 
with anti-thymocyte globulin. Clin Immunol. 2009;132(1):10–8.

 31. Liu W, Zhao LM, Wang TY. Hemophagocytic lymphohistiocyto-
sis: update on pathogenesis, diagnosis, and treatment. Zhonghua 
Er Ke Za Zhi. 2021;59(4):341–4.

 32. Dinarello CA. Overview of the IL-1 family in innate inflamma-
tion and acquired immunity. Immunol Rev. 2018;281(1):8–27.

 33. Malik A, Kanneganti TD. Inflammasome activation and assembly 
at a glance. J Cell Sci. 2017;130(23):3955–63.

 34. Gattorno M, Piccini A, Lasigliè D, Tassi S, Brisca G, Carta S, 
Delfino L, Ferlito F, Pelagatti MA, Caroli F, Buoncompagni A, 
Viola S, Loy A, Sironi M, Vecchi A, Ravelli A, Martini A, Rubar-
telli A. The pattern of response to anti-interleukin-1 treatment 
distinguishes two subsets of patients with systemic-onset juvenile 
idiopathic arthritis. Arthritis Rheum. 2008;58(5):1505–15.

 35. Lopez-Castejon G, Brough D. Understanding the mecha-
nism of IL-1β secretion. Cytokine Growth Factor Rev. 
2011;22(4):189–95.

 36. Pascual V, Allantaz F, Arce E, Punaro M, Banchereau J. Role of 
interleukin-1 (IL-1) in the pathogenesis of systemic onset juve-
nile idiopathic arthritis and clinical response to IL-1 blockade. J 
Exp Med. 2005;201(9):1479–86.

 37. Strippoli R, Carvello F, Scianaro R, De Pasquale L, Vivarelli 
M, Petrini S, Bracci-Laudiero L, De Benedetti F. Amplifica-
tion of the response to Toll-like receptor ligands by prolonged 
exposure to interleukin-6 in mice: implication for the patho-
genesis of macrophage activation syndrome. Arthritis Rheum. 
2012;64(5):1680–8.

 38. Kang S, Tanaka T, Narazaki M, Kishimoto T. Targeting interleu-
kin-6 signaling in clinic. Immunity. 2019;50(4):1007–23.

 39. Heinrich PC, Behrmann I, Haan S, Hermanns HM, Müller-
Newen G, Schaper F. Principles of interleukin (IL)-6-type 
cytokine signalling and its regulation. Biochem J. 2003;374(Pt 
1):1–20.

 40. Naka T, Narazaki M, Hirata M, Matsumoto T, Minamoto S, Aono 
A, Nishimoto N, Kajita T, Taga T, Yoshizaki K, Akira S, Kishi-
moto T. Structure and function of a new STAT-induced STAT 
inhibitor. Nature. 1997;387(6636):924–9.

 41. Cifaldi L, Prencipe G, Caiello I, Bracaglia C, Locatelli F, 
De Benedetti F, Strippoli R. Inhibition of natural killer cell 
cytotoxicity by interleukin-6: implications for the patho-
genesis of macrophage activation syndrome.  Arthritis 
Rheumatol. 2015;67(11):3037–46.

 42. Jorgovanovic D, Song M, Wang L, Zhang Y. Roles of IFN-γ 
in tumor progression and regression: a review. Biomark Res. 
2020;8:49.

 43. Ivashkiv LB. IFNγ: signalling, epigenetics and roles in immu-
nity, metabolism, disease and cancer immunotherapy. Nat Rev 
Immunol. 2018;18(9):545–58.

 44. Zhang J. Yin and yang interplay of IFN-gamma in inflammation 
and autoimmune disease. J Clin Investig. 2007;117(4):871–3.

 45. Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati 
M. The chemokine system in diverse forms of macrophage acti-
vation and polarization. Trends Immunol. 2004;25(12):677–86.

 46. Mosser DM. The many faces of macrophage activation. J Leu-
koc Biol. 2003;73(2):209–12.

 47. Schroder K, Hertzog PJ, Ravasi T, Hume DA. Interferon-
gamma: an overview of signals, mechanisms and functions. J 
Leukoc Biol. 2004;75(2):163–89.

 48. Meyer LK, Verbist KC, Albeituni S, Scull BP, Bassett RC, 
Stroh AN, Tillman H, Allen CE, Hermiston ML, Nichols KE. 
JAK/STAT pathway inhibition sensitizes CD8 T cells to dex-
amethasone-induced apoptosis in hyperinflammation. Blood. 
2020;136(6):657–68.

 49. Ibarra MF, Klein-Gitelman M, Morgan E, Proytcheva M, Sul-
livan C, Morgan G, Pachman LM, O’Gorman MR. Serum 
neopterin levels as a diagnostic marker of hemophago-
cytic lymphohistiocytosis syndrome.  Clin Vaccine 
Immunol. 2011;18(4):609–14.

 50. Jordan MB, Hildeman D, Kappler J, Marrack P. An animal 
model of hemophagocytic lymphohistiocytosis (HLH): CD8+ 
T cells and interferon gamma are essential for the disorder. 
Blood. 2004;104(3):735–43.

 51. Pachlopnik Schmid J, Ho CH, Diana J, Pivert G, Lehuen A, 
Geissmann F, Fischer A, de Saint Basile G. A Griscelli syn-
drome type 2 murine model of hemophagocytic lymphohistio-
cytosis (HLH). Eur J Immunol. 2008;38(11):3219–25.

 52. Ogilvie EM, Khan A, Hubank M, Kellam P, Woo P. Specific 
gene expression profiles in systemic juvenile idiopathic arthri-
tis. Arthritis Rheum. 2007;56(6):1954–65.

 53. Osugi Y, Hara J, Tagawa S, Takai K, Hosoi G, Matsuda Y, 
Ohta H, Fujisaki H, Kobayashi M, Sakata N, Kawa-Ha K, 
Okada S, Tawa A. Cytokine production regulating Th1 and 
Th2 cytokines in hemophagocytic lymphohistiocytosis. Blood. 
1997;89(11):4100–3.

 54. Wegehaupt O, Wustrau K, Lehmberg K, Ehl S. Cell versus 
cytokine - directed therapies for hemophagocytic lymphohis-
tiocytosis (HLH) in inborn errors of immunity. Front Immunol. 
2020;11:808.

 55. Kaplanski G. Interleukin-18: biological properties and role in 
disease pathogenesis. Immunol Rev. 2018;281(1):138–53.

 56. Weiss ES, Girard-Guyonvarc’h C, Holzinger D, de Jesus AA, 
Tariq Z, Picarsic J, Schiffrin EJ, Foell D, Grom AA, Ammann 
S, Ehl S, Hoshino T, Goldbach-Mansky R, Gabay C, Canna 
SW. Interleukin-18 diagnostically distinguishes and patho-
genically promotes human and murine macrophage activation 
syndrome. Blood. 2018;131(13):1442–55.

 57. Mühl H, Bachmann M. IL-18/IL-18BP and IL-22/IL-22BP: 
two interrelated couples with therapeutic potential. Cell Signal. 
2019;63:109388.

 58. Dinarello CA, Novick D, Kim S, Kaplanski G. Interleukin-18 
and IL-18 binding protein. Front Immunol. 2013;4:289.

 59. Lee JK, Kim SH, Lewis EC, Azam T, Reznikov LL, Dinarello 
CA. Differences in signaling pathways by IL-1beta and IL-18. 
Proc Natl Acad Sci USA. 2004;101(23):8815–20.

 60. Kist A, Ho AD, Räth U, Wiedenmann B, Bauer A, Schlick E, 
Kirchner H, Männel DN. Decrease of natural killer cell activ-
ity and monokine production in peripheral blood of patients 
treated with recombinant tumor necrosis factor. Blood. 
1988;72(1):344–8.

 61. Vandenhaute J, Wouters CH, Matthys P. Natural killer cells in 
systemic autoinflammatory diseases: a focus on systemic juve-
nile idiopathic arthritis and macrophage activation syndrome. 
Front Immunol. 2019;10:3089.

575Immunologic Research  (2022) 70:566–577

1 3



 62. Avau A, Put K, Wouters CH, Matthys P. Cytokine balance 
and cytokine-driven natural killer cell dysfunction in systemic 
juvenile idiopathic arthritis. Cytokine Growth Factor Rev. 
2015;26(1):35–45.

 63. Wang X, Wong K, Ouyang W, Rutz S. Targeting IL-10 family 
cytokines for the treatment of human diseases. Cold Spring 
Harb Perspect Biol. 2019;11(2).

 64. Ouyang W, Rutz S, Crellin NK, Valdez PA, Hymow-
itz SG. Regulation and functions of the IL-10 family of 
cytokines in inflammation and disease. Annu Rev Immunol. 
2011;29:71–109.

 65. de Waal Malefyt R, Haanen J, Spits H, Roncarolo MG, te Velde 
A, Figdor C, Johnson K, Kastelein R, Yssel H, de Vries JE. 
Interleukin 10 (IL-10) and viral IL-10 strongly reduce antigen-
specific human T cell proliferation by diminishing the antigen-
presenting capacity of monocytes via downregulation of class 
II major histocompatibility complex expression. J Exp Med. 
1991;174(4):915–24.

 66. Schuetze N, Schoeneberger S, Mueller U, Freudenberg MA, 
Alber G, Straubinger RK. IL-12 family members: differen-
tial kinetics of their TLR4-mediated induction by Salmonella 
enteritidis and the impact of IL-10 in bone marrow-derived 
macrophages. Int Immunol. 2005;17(5):649–59.

 67. Groux H, Bigler M, de Vries JE, Roncarolo MG. Interleukin-10 
induces a long-term antigen-specific anergic state in human 
CD4+ T cells. J Exp Med. 1996;184(1):19–29.

 68. Mumm JB, Emmerich J, Zhang X, Chan I, Wu L, Mauze S, 
Blaisdell S, Basham B, Dai J, Grein J, Sheppard C, Hong K, 
Cutler C, Turner S, LaFace D, Kleinschek M, Judo M, Ayano-
glu G, Langowski J, Gu D, Paporello B, Murphy E, Sriram 
V, Naravula S, Desai B, Medicherla S, Seghezzi W, McCla-
nahan T, Cannon-Carlson S, Beebe AM, Oft M. IL-10 elicits 
IFNγ-dependent tumor immune surveillance. Cancer Cell. 
2011;20(6):781–96.

 69. Kasama T, Strieter RM, Lukacs NW, Burdick MD, Kunkel SL. 
Regulation of neutrophil-derived chemokine expression by 
IL-10. J Immunol. 1994;152(7):3559–69.

 70. Canna SW, Wrobel J, Chu N, Kreiger PA, Paessler M, Beh-
rens EM. Interferon-γ mediates anemia but is dispensable for 
fulminant toll-like receptor 9-induced macrophage activation 
syndrome and hemophagocytosis in mice. Arthritis Rheum. 
2013;65(7):1764–75.

 71. Do T, Tan R, Bennett M, Medvedovic M, Grom AA, Shen 
N, Thornton S, Schulert GS. MicroRNA networks associ-
ated with active systemic juvenile idiopathic arthritis regulate 
CD163 expression and anti-inflammatory functions in mac-
rophages through two distinct mechanisms. J Leukoc Biol. 
2018;103(1):71–85.

 72. David CJ, Massagué J. Contextual determinants of TGFβ action 
in development, immunity and cancer. Nat Rev Mol Cell Biol. 
2018;19(7):419–35.

 73. López-Casillas F, Wrana JL, Massagué J. Betaglycan pre-
sents ligand to the TGF beta signaling receptor. Cell. 
1993;73(7):1435–44.

 74. Haque S, Morris JC. Transforming growth factor-β: a therapeutic 
target for cancer. Hum Vaccin Immunother. 2017;13(8):1741–50.

 75. Savage C, Das P, Finelli AL, Townsend SR, Sun CY, Baird 
SE, Padgett RW. Caenorhabditis elegans genes sma-2, sma-3, 
and sma-4 define a conserved family of transforming growth 
factor beta pathway components. Proc Natl Acad Sci USA. 
1996;93(2):790–4.

 76. Brabletz T, Pfeuffer I, Schorr E, Siebelt F, Wirth T, Serfling 
E. Transforming growth factor beta and cyclosporin A inhibit 
the inducible activity of the interleukin-2 gene in T cells 
through a noncanonical octamer-binding site. Mol Cell Biol. 
1993;13(2):1155–62.

 77. Thomas DA, Massagué J. TGF-beta directly targets cytotoxic 
T cell functions during tumor evasion of immune surveillance. 
Cancer Cell. 2005;8(5):369–80.

 78. Ouyang W, Beckett O, Ma Q, Li MO. Transforming growth fac-
tor-beta signaling curbs thymic negative selection promoting 
regulatory T cell development. Immunity. 2010;32(5):642–53.

 79. Wu C, Chen Z, Dardalhon V, Xiao S, Thalhamer T, Liao M, 
Madi A, Franca RF, Han T, Oukka M, Kuchroo V. The tran-
scription factor musculin promotes the unidirectional devel-
opment of peripheral T(reg) cells by suppressing the T(H)2 
transcriptional program. Nat Immunol. 2017;18(3):344–53.

 80. Kuwahara M, Yamashita M, Shinoda K, Tofukuji S, Onodera 
A, Shinnakasu R, Motohashi S, Hosokawa H, Tumes D, 
Iwamura C, Lefebvre V, Nakayama T. The transcription fac-
tor Sox4 is a downstream target of signaling by the cytokine 
TGF-β and suppresses T(H)2 differentiation. Nat Immunol. 
2012;13(8):778–86.

 81. Gorelik L, Constant S, Flavell RA. Mechanism of transforming 
growth factor beta-induced inhibition of T helper type 1 differ-
entiation. J Exp Med. 2002;195(11):1499–505.

 82. Batlle E, Massagué J. Transforming growth factor-β signaling in 
immunity and cancer. Immunity. 2019;50(4):924–40.

 83. Josefowicz SZ, Lu LF, Rudensky AY. Regulatory T cells: mech-
anisms of differentiation and function. Annu Rev Immunol. 
2012;30:531–64.

 84. Nishikawa H, Sakaguchi S. Regulatory T cells in tumor immu-
nity. Int J Cancer. 2010;127(4):759–67.

 85. Humblet-Baron S, Franckaert D, Dooley J, Bornschein S, 
Cauwe B, Schönefeldt S, Bossuyt X, Matthys P, Baron F, Wout-
ers C, Liston A. IL-2 consumption by highly activated CD8 
T cells induces regulatory T-cell dysfunction in patients with 
hemophagocytic lymphohistiocytosis. J Allergy Clin Immunol. 
2016;138(1):200-209.e8.

 86. Baker R, Liew JW, Simonson PD, Soma LA, Starkebaum G. 
Macrophage activation syndrome in a patient with axial spondy-
loarthritis on adalimumab. Clin Rheumatol. 2019;38(2):603–8.

 87. Chauveau E, Terrier F, Casassus-Buihle D, Moncoucy X, 
Oddes B. Macrophage activation syndrome after treatment 
with infliximab for fistulated Crohn’s disease. Presse Med. 
2005;34(8):583–4.

 88. Keenan C, Nichols KE, Albeituni S. Use of the JAK inhibitor 
ruxolitinib in the treatment of hemophagocytic lymphohistiocy-
tosis. Front Immunol. 2021;12:614704.

 89. Astigarraga I, Gonzalez-Granado LI, Allende LM, Alsina L. Hae-
mophagocytic syndromes: the importance of early diagnosis and 
treatment. An Pediatr (Engl Ed). 2018;89(2):124.e1-124.e8.

 90. Eloseily EM, Weiser P, Crayne CB, Haines H, Mannion ML, 
Stoll ML, Beukelman T, Atkinson TP, Cron RQ. Benefit of 
anakinra in treating pediatric secondary hemophagocytic lym-
phohistiocytosis. Arthritis & rheumatology (Hoboken NJ). 
2020;72(2):326–34.

 91. Locatelli F, Jordan MB, Allen C, Cesaro S, Rizzari C, Rao A, 
Degar B, Garrington TP, Sevilla J, Putti MC, Fagioli F, Ahlmann 
M, Dapena Diaz JL, Henry M, De Benedetti F, Grom A, Lapeyre 
G, Jacqmin P, Ballabio M, de Min C. Emapalumab in children 
with primary hemophagocytic lymphohistiocytosis. N Engl J 
Med. 2020;382(19):1811–22.

 92. Grom AA, Ilowite NT, Pascual V, Brunner HI, Martini A, Lovell 
D, Ruperto N, Leon K, Lheritier K, Abrams K. Rate and clini-
cal presentation of macrophage activation syndrome in patients 
with systemic juvenile idiopathic arthritis treated with canaki-
numab. Arthritis Rheumatol. 2016;68(1):218–28.

 93. Sönmez HE, Demir S, Bilginer Y, Özen S. Anakinra treat-
ment in macrophage activation syndrome: a single center 
experience and systemic review of literature. Clin Rheumatol. 
2018;37(12):3329–35.

576 Immunologic Research  (2022) 70:566–577

1 3



 94. Miettunen PM, Narendran A, Jayanthan A, Behrens EM, Cron 
RQ. Successful treatment of severe paediatric rheumatic dis-
ease-associated macrophage activation syndrome with inter-
leukin-1 inhibition following conventional immunosuppressive 
therapy: case series with 12 patients. Rheumatology (Oxford). 
2011;50(2):417–9.

 95. Dufranc E, Del Bello A, Belliere J, Kamar N, Faguer S. 
IL6-R blocking with tocilizumab in critically ill patients with 
hemophagocytic syndrome. Crit Care (London, England). 
2020;24(1):166.

 96. Yokota S, Itoh Y, Morio T, Sumitomo N, Daimaru K, Minota 
S. Macrophage activation syndrome in patients with systemic 
juvenile idiopathic arthritis under treatment with tocilizumab. J 
Rheumatol. 2015;42(4):712–22.

 97. Shimizu M, Mizuta M, Okamoto N, Yasumi T, Iwata N, Ume-
bayashi H, Okura Y, Kinjo N, Kubota T, Nakagishi Y, Nishimura 
K, Mohri M, Yashiro M, Yasumura J, Wakiguchi H, Mori M. 
Tocilizumab modifies clinical and laboratory features of mac-
rophage activation syndrome complicating systemic juvenile 
idiopathic arthritis. Pediatr Rheumatol Online J. 2020;18(1):2.

 98. Shimizu M, Nakagishi Y, Kasai K, Yamasaki Y, Miyoshi M, 
Takei S, Yachie A. Tocilizumab masks the clinical symptoms 
of systemic juvenile idiopathic arthritis-associated macrophage 
activation syndrome: the diagnostic significance of interleu-
kin-18 and interleukin-6. Cytokine. 2012;58(2):287–94.

 99. Schulert GS, Minoia F, Bohnsack J, Cron RQ, Hashad S, KonÉ-
Paut I, Kostik M, Lovell D, Maritsi D, Nigrovic PA, Pal P, 
Ravelli A, Shimizu M, Stanevicha V, Vastert S, Woerner A, de 
Benedetti F, Grom AA. Effect of biologic therapy on clinical and 
laboratory features of macrophage activation syndrome associ-
ated with systemic juvenile idiopathic arthritis. Arthritis Care 
Res. 2018;70(3):409–19.

 100. Chiossone L, Audonnet S, Chetaille B, Chasson L, Farnarier 
C, Berda-Haddad Y, Jordan S, Koszinowski UH, Dalod M, 
Mazodier K, Novick D, Dinarello CA, Vivier E, Kaplanski G. 
Protection from inflammatory organ damage in a murine model 
of hemophagocytic lymphohistiocytosis using treatment with 
IL-18 binding protein. Front Immunol. 2012;3:239.

 101. Canna SW, Girard C, Malle L, de Jesus A, Romberg N, Kelsen J, 
Surrey LF, Russo P, Sleight A, Schiffrin E, Gabay C, Goldbach-
Mansky R, Behrens EM. Life-threatening NLRC4-associated 
hyperinflammation successfully treated with IL-18 inhibition. J 
Allergy Clin Immunol. 2017;139(5):1698–701.

 102. Al-Salama ZT. Emapalumab: first global approval. Drugs. 
2019;79(1):99–103.

 103. Vallurupalli M, Berliner N. Emapalumab for the treatment of 
relapsed/refractory hemophagocytic lymphohistiocytosis. Blood. 
2019;134(21):1783–6.

 104. Albeituni S, Verbist KC, Tedrick PE, Tillman H, Picarsic J, 
Bassett R, Nichols KE. Mechanisms of action of ruxolitinib in 
murine models of hemophagocytic lymphohistiocytosis. Blood. 
2019;134(2):147–59.

 105. Henter JI, Samuelsson-Horne A, Aricò M, Egeler RM, Elinder 
G, Filipovich AH, Gadner H, Imashuku S, Komp D, Ladisch S, 
Webb D, Janka G. Treatment of hemophagocytic lymphohistio-
cytosis with HLH-94 immunochemotherapy and bone marrow 
transplantation. Blood. 2002;100(7):2367–73.

 106. Trottestam H, Horne A, Aricò M, Egeler RM, Filipovich AH, 
Gadner H, Imashuku S, Ladisch S, Webb D, Janka G, Henter JI. 
Chemoimmunotherapy for hemophagocytic lymphohistiocyto-
sis: long-term results of the HLH-94 treatment protocol. Blood. 
2011;118(17):4577–84.

 107. Behrens EM, Canna SW, Slade K, Rao S, Kreiger PA, Paessler 
M, Kambayashi T, Koretzky GA. Repeated TLR9 stimulation 
results in macrophage activation syndrome-like disease in mice. 
J Clin Investig. 2011;121(6):2264–77.

 108. O’Shea JJ, Schwartz DM, Villarino AV, Gadina M, McInnes IB, 
Laurence A. The JAK-STAT pathway: impact on human disease 
and therapeutic intervention. Annu Rev Med. 2015;66:311–28.

 109. Schwartz DM, Kanno Y, Villarino A, Ward M, Gadina 
M, O’Shea JJ. JAK inhibition as a therapeutic strategy for 
immune and inflammatory diseases. Nat Rev Drug Discovery. 
2017;16(12):843–62.

 110. Gadina M, Johnson C, Schwartz D, Bonelli M, Hasni S, Kanno 
Y, Changelian P, Laurence A, O’Shea JJ. Translational and clini-
cal advances in JAK-STAT biology: the present and future of 
jakinibs. J Leukoc Biol. 2018;104(3):499–514.

 111. Maschalidi S, Sepulveda FE, Garrigue A, Fischer A, de Saint 
Basile G. Therapeutic effect of JAK1/2 blockade on the manifes-
tations of hemophagocytic lymphohistiocytosis in mice. Blood. 
2016;128(1):60–71.

 112. Zoller EE, Lykens JE, Terrell CE, Aliberti J, Filipovich AH, 
Henson PM, Jordan MB. Hemophagocytosis causes a consump-
tive anemia of inflammation. J Exp Med. 2011;208(6):1203–14.

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

577Immunologic Research  (2022) 70:566–577

1 3


	Cytokine storm and targeted therapy in hemophagocytic lymphohistiocytosis
	Abstract
	Introduction
	Pathogenesis and classification of HLH
	Treatment
	The cytokine storm in HLH
	Positive regulators
	IL-1β
	IL-6
	IFN-γ
	IL-18
	TNFα

	Negative regulators
	IL-10
	TGF-β
	Treg-IL-2 homeostasis network
	TNF-α


	Target therapy
	IL-1β inhibitors
	IL-6 inhibitor: tocilizumab
	IL-18 inhibitor: rhIL-18BP
	IFN-γ inhibitor

	Conclusion
	References


