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IL‐18 and infections: Is there a role for targeted therapies?
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Abstract

Interleukin (IL)‐18 is a pro‐inflammatory cytokine belonging to the IL‐1 family, first

identified for its interferon‐γ‐inducing properties. IL‐18 regulates both T helper (Th)

1 and Th2 responses. It acts synergistically with IL‐12 in the Th1 paradigm, whereas

with IL‐2 and without IL‐12 it can induce Th2 cytokine production from cluster of

differentation (CD)4+ T cells, natural killer (NK cells, NKT cells, as well as from Th1

cells. IL‐18 also plays a role in the hemophagocytic lymphohistiocytosis, a life‐
threatening condition characterized by a cytokine storm that can be secondary to

infections. IL‐18‐mediated inflammation was largely studied in animal models of

bacterial, viral, parasitic, and fungal infections. These studies highlight the con-

tribution of either IL‐18 overproduction by the host or overresponsiveness of the

host to IL‐18 causing an exaggerated inflammatory burden and leading to tissue

injury. Severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2) is re-

sponsible for the coronavirus disease 2019 (COVID‐19). The damage in the later

phase of the disease appears to be driven by a cytokine storm, including interleukin

IL‐1 family members and secondary cytokines like IL‐6. IL‐18 may participate in this

hyperinflammation, as it was previously found to be able to cause injury in the lung

tissue of infected animals. IL‐18 blockade has become an appealing therapeutic

target and has been tested in some IL‐18‐mediated rheumatic diseases and infantile‐
onset macrophage activation syndrome. Given its role in regulating the immune

response to infections, IL‐18 blockade might represent a therapeutic option for

COVID‐19, although further studies are warranted to investigate more in detail the

exact role of IL‐18 in SARS‐CoV‐2 infection.
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1 | INTRODUCTION

In December 2019, a cluster of cases of viral‐like pneumonia pro-

voked by an unknown pathogen was recorded in Wuhan, Hubei

province, in China (C. Huang et al., 2020). The pathogen was then

recognized as the novel β‐coronavirus severe acute respiratory

syndrome coronavirus 2 (SARS‐CoV‐2; Lu et al., 2020). The clinical

syndrome caused by SARS‐CoV‐2 infection is called coronavirus

disease 2019 (COVID‐19) and may present with various clinical

pictures, including severe pneumonia causing acute respiratory dis-

tress syndrome (ARDS; Diao et al., 2020; Dixon et al., 2020; Guan

et al., 2020; C. Huang et al., 2020). Interestingly, a great increase in

circulating inflammatory cytokines of the interleukin (IL)‐1 family and

secondary cytokines like IL‐6—the so‐called cytokine storm—has

been reported in COVID‐19 patients (C. Huang et al., 2020). The

cytokine storm is likely to occur in the advanced stages of COVID‐19,
worsening the lung injury leading to ARDS (Bonaventura, Vecchié,

et al., 2020; Mehta et al., 2020).
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The current management of COVID‐19 is mostly based on sup-

portive care. Recently, the U.S. Food and Drug Administration (FDA)

authorized the emergency use of remdesivir, a direct acting antiviral

drug that inhibits viral RNA synthesis, in patients with severe

COVID‐19 (Coronavirus COVID‐19 Update, 2020). Since immune

dysregulation may have a role in COVID‐19 pathogenesis, ther-

apeutic approaches blocking pro‐inflammatory cytokines, including

IL‐6 and IL‐1β, are being explored (Campochiaro et al., 2020; Cavalli

et al., 2020; De Luca et al., 2020; Della‐Torre et al., 2020;

Monteleone, Sarzi‐Puttini, & Ardizzone, 2020).

IL‐18 is a pro‐inflammatory cytokine of the IL‐1 family (Abbate

et al., 2020; Dinarello, 2019). It is synthesized as an inactive pre-

cursor and processed to its active form by caspase‐1 and finally re-

leased (Abbate et al., 2020; Mauro, Bonaventura, Mezzaroma,

Quader, & Toldo, 2019; Toldo, Mauro, Cutter, & Abbate, 2018). IL‐18
was first identified for its interferon‐γ (IFN‐γ)‐inducing properties

(Okamura et al., 1995) in Propionibacterium acnes‐primed and lipo-

polysaccharide (LPS)‐challenged animals, which developed endotoxin

shock, lung injury, intestinal mucosal injury, and fulminant hepatitis

(Nakanishi, Yoshimoto, Tsutsui, & Okamura, 2001; Okamura et al.,

1995; Yasuda, Nakanishi, & Tsutsui, 2019). All these manifestations

were driven by a cytokine storm, including IL‐18 (Yasuda et al., 2019).

Other functions, several of which completely independent of IFN‐γ
induction, have been later characterized in a wealth of diseases

(Kaplanski, 2018; Slaats, Ten Oever, van de Veerdonk, &

Netea, 2016).

Here, we review the available literature concerning the role of

IL‐18 in the setting of infectious diseases. In light of the role played in

the cytokine storm causing endotoxin shock and lung and intestinal

mucosal injury in animal models (Yasuda et al., 2019), IL‐18 is likely

to be a part of the cytokine storm occurring in later stages of COVID‐
19 explaining some of the life‐threatening manifestations of this

disease. For this reason, we provide a perspective on IL‐18 inhibition

as a potential therapy for COVID‐19 patients.

2 | IL‐18: GENERAL FEATURES

IL‐18 was initially recognized as a factor able to induce strong pro-

duction of IFN‐γ (Nakamura, Okamura, Nagata, Komatsu, & Tamura,

1993) and unexpectedly appeared related to IL‐1β (Dinarello, 1999).

These two cytokines share 15% of their sequence, the β‐pleated
sheet structure and signaling pathways. Like IL‐1β, IL‐18 is synthe-

sized as an inactive precursor missing a signal peptide and the

caspase‐1‐mediated cleavage is needed for its activation (Dinarello,

2019; Nakanishi et al., 2001). However, apart from these similarities,

IL‐18 and IL‐1β have a different biology (Novick, Kim, Kaplanski, &

Dinarello, 2013).

In humans, IL‐18 gene is located on chromosome 11 (Kaplanski,

2018). The IL‐18 precursor is constitutively found within the cyto-

plasm of monocytes, macrophages, and dendritic cells as well as in

endothelial cells, keratinocytes, and intestinal epithelial cells of the

gastrointestinal tract (Dinarello, Novick, Kim, & Kaplanski, 2013).

However, the transcription of IL‐18 precursor is further increased

during infection after toll‐like receptor (TLR) binding of pathogen‐
associated molecular patterns and activation of the nuclear factor

kappa‐light‐chain‐enhancer of activated B cells (NF‐κB) pathway

(Dinarello, 2019). The IL‐18 precursor is processed intracellularly

into its mature biologically form by caspase‐1, the latter being acti-

vated by various canonical inflammasomes. Following caspase‐1 ac-

tivation, a programmed cell death called pyroptosis occurs through

the caspase‐1‐mediated cleavage of gasdermin‐D (GSDMD). N‐
terminal GSDMD forms membrane pores for the release of IL‐18
(and IL‐1β) into the extracellular space for further autocrine, para-

crine, and endocrine induction of immune responses (Bonaventura,

Vecchie, Abbate, & Montecucco, 2020; J. Shi, Gao, & Shao, 2017;

Toldo et al., 2018). Pro‐IL‐18 can also be secreted from dying cells

and processed extracellularly to its active form by neutrophil pro-

teinase 3, human chymase, and granzyme B (Omoto et al., 2010).

IL‐18 binds to the IL‐18 receptor (IL‐18R), a heterodimer made

up of two subunits: IL‐18Rα and IL‐18Rβ (Figure 1a). After binding to

the IL‐18Rα subunit, a heterodimeric complex is formed to propagate

the intracellular signaling that culminates in pro‐inflammatory gene

transcription (Toldo et al., 2018). In addition to the IL‐18R, the

sodium‐chloride cotransporter (NCC), a solute carrier symporter lo-

cated in the distal tubule of the kidney glomeruli, has been identified

as an additional protein, which is able to transduce the IL‐18 signaling

(Mastroianni et al., 1996). Outside of the kidney, NCC is expressed in

atherosclerotic plaques of apolipoprotein E‐deficient mice and

mediates IL‐18 signaling in cytokine‐primed macrophages (Wang

et al., 2015).

IL‐18 regulates both T helper (Th)1 and Th2 responses

(Nakanishi et al., 2001). Indeed, IL‐18 is involved in the activation and

differentiation of several T‐cell populations and joins the Th1 lym-

phocyte paradigm with IL‐12 (Kaplanski, 2018), characterized by a

prevalent IFN‐γ production by T and B cells and natural killer (NK)

cells (Nakanishi et al., 2001). Therefore, IL‐18, with IL‐2 and without

IL‐12, can induce Th2 cytokine production from cluster of differ-

entation (CD)4+ T cells (Yoshimoto et al., 2000), NK cells (Hoshino,

Wiltrout, & Young, 1999), natural killer T (NKT) cells (Leite‐De‐
Moraes et al., 2001; Yoshimoto et al., 2003), as well as from Th1 cells

(Yoshimoto et al., 2003). All this evidence strongly supports IL‐18 as

a unique cytokine able to stimulate T cells and other immune cells

(Nakanishi, 2018). It is important to underline, however, that the

overproduction of IL‐18 by the host or an overresponsiveness of the

host to IL‐18 may cause an exaggerated inflammatory response, like

Fas‐ and tumor necrosis factor‐α (TNF‐α)‐dependent liver injury

(Tsutsui et al., 1997) and IFN‐γ‐dependent severe intestinal mucosal

injury (Chikano et al., 2000). Moreover, IL‐18 has been found to play

a role in the hemophagocytic lymphohistiocytosis (HLH) syndromes,

potentially fatal conditions characterized by a cytokine storm. The

primary form of HLH is a hereditary disease occurring in early

childhood, and is caused by several mutations in genes associated

with cytotoxic function of NK and CD8+ T cells (Arico et al., 1996;

Chinn et al., 2018). A secondary form of HLH, also known as mac-

rophage activation syndrome (MAS), may complicate rheumatic
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diseases, malignancies, and infections (Fardet et al., 2014). High le-

vels of free IL‐18 were associated with MAS development in two

different mouse models, and the treatment with an anti‐IL‐18R an-

tibody reduced MAS manifestations (Girard‐Guyonvarc'h et al., 2018;

Weiss et al., 2018). High levels of free IL‐18 have been reported in

patients with MAS (Mazodier et al., 2005). All of these findings

suggest that IL‐18 is important in the induction of injury in different

organs, such as the lung, liver, and intestine, and may support the

hypothesis of its potential role, along with IL‐1β and IL‐6, in the

cytokine storm occurring in COVID‐19.
Independently of IFN‐γ, IL‐18 promotes the synthesis of cell

adhesion molecules, nitric oxide, and chemokines (Kaplanski, 2018).

In a mouse model of bronchial asthma, IL‐18 was shown to induce

airway hyperresponsiveness and local inflammation, while its down-

regulation was able to reverse these effects (Hayashi et al., 2007). In

humans, IL‐18 levels were found to correlate with disease severity in

sepsis (Novick et al., 2001), systemic lupus erythematosus (Novick

et al., 2010), Chron's disease (Ludwiczek et al., 2005), adult onset

Still's disease (AOSD; Girard et al., 2016), and heart failure (Carbone

et al., 2017; Toldo et al., 2014).

IL‐18 binding protein (IL‐18BP) is a naturally secreted glyco-

protein blocking IL‐18 (Girard et al., 2016; Novick et al., 1999, 2001;

Figure 1c). It is found in the circulation of healthy humans at

2–3 ng/ml, which is a 20‐fold molar excess compared with IL‐18
(Novick et al., 2001). It is likely that the excess of IL‐18BP over IL‐18
contributes to the blunting of Th1 response to foreign organisms to

reduce the initiation of an autoimmune response following routine

infection (Dinarello, 2019). In light of the high affinity of IL‐18BP
(0.5 nM), circulating IL‐18 is mostly bound to IL‐18BP and therefore

inactive. IL‐18BP has been used to treat diseases characterized by

hyperinflammation, such as AOSD and recurrent MAS (Canna

et al., 2017; Kiltz et al., 2020), but not yet approved for any rheu-

matic disease. The protective role of IL‐18BP maybe, however, is

abolished when IL‐18BP reaches elevated levels. Indeed, when IL‐
18BP is highly concentrated, it binds IL‐37, thus preventing IL‐37 to

suppress inflammation (Cavalli & Dinarello, 2018).

3 | IL ‐37: AN ANTI ‐ INFLAMMATORY
CYTOKINE

Opposite to IL‐18, IL‐37 works as an anti‐inflammatory cytokine

(Dinarello et al., 2016). IL‐37 is unique in the IL‐1 family because it

broadly suppresses innate and acquired immunity (Nold et al., 2010;

Nold‐Petry et al., 2015). Four isoforms are known, with IL‐37b being

the most complete one (Dinarello et al., 2016). Following pro‐
inflammatory stimuli, IL‐37 is expressed by different cells, such as

blood monocytes, tissue macrophages, plasma cells, T cells, and epi-

thelial cells of the skin, intestine, and kidney (Dinarello, 2018). IL‐37
is not constitutively expressed by blood monocytes in healthy in-

dividuals as it requires stimulation by IL‐1β and TLR agonists (Nold

et al., 2010). The functions of IL‐37 are mediated by binding to the IL‐
18Rα (Figure 1b). Instead of recruiting the IL‐18Rβ chain (Cavalli &

Dinarello, 2018), the IL‐37/IL‐18Rα complex binds to the IL‐1R8

F IGURE 1 IL‐18 regulation and IL‐18 receptor signaling. (a) IL‐18 initially binds to the IL‐18Rα subunit. After this, a high‐affinity
heterodimeric receptor combines to transmit the intracellular signaling that culminates in pro‐inflammatory gene transcription. To do so, TIR
domains approximate and allow the binding of MyD88, thus propagating a pro‐inflammatory signal into the cells terminating with the activation

of NF‐κB. (b) IL‐37 is an inhibitor of the innate immune response. IL‐37 binds to IL‐18Rα, but recruits IL‐1R8 instead of IL‐18Rβ forming a high‐
affinity receptor. MyD88 is recruited to the TIRb domain of IL‐1R8 and not to the TIR domain of IL‐18Rα. The peculiar amino acids of the TIRb
domain work as a sink for MyD88, thus resulting in an anti‐inflammatory signaling. (c) IL‐18BP is present in the extracellular compartment and

binds mature IL‐18 with greater affinity than IL‐18Rα, thus preventing IL‐18 from binding to IL‐18 receptor. IL‐18BP is also able to bind IL‐37,
preventing IL‐37 from interacting with IL‐18Rα. IL‐1R8, interleukin‐1 receptor 8; IL‐18, interleukin‐18; IL‐18BP, interleukin‐18 binding protein;
IL‐18Rα, α subunit of the interleukin‐18 receptor; IL‐18Rβ, β subunit of the interleukin‐18 receptor; IL‐37, interleukin‐37; MyD88, myeloid

differentiation factor 88; TIR, toll‐IL‐1R receptor
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receptor, which inhibits innate and acquired immunity by decreasing

IL‐1‐mediated inflammation (Garlanda, Anders, & Mantovani, 2009;

Garlanda, Riva, Bonavita, & Mantovani, 2013).

Increased levels of IL‐37 expression have been described in hu-

mans with inflammatory and autoimmune diseases such as Grave's

disease (Li et al., 2014), ankylosing spondylitis (B. Chen et al., 2015),

psoriasis (Keermann et al., 2015), inflammatory bowel diseases (Im-

aeda et al., 2013; Weidlich et al., 2014), and systemic lupus er-

ythematosus (Song et al., 2013). This increase in IL‐37 expression

may serve as an appropriate response to blunt inflammation and limit

disease severity (Dinarello, 2019). Therefore, in other diseases (cal-

cific aortic valve disease, Zeng et al., 2017; asthma, Charrad

et al., 2016; and insulin resistance, Ballak et al., 2014), mRNA levels

of IL‐37 were found to be lower than in tissues from healthy in-

dividuals, suggesting a relative deficient state potentially contribut-

ing to disease severity (Dinarello, 2018). Importantly, since IL‐18BP
binds to IL‐37 (Bufler et al., 2002), increased levels of IL‐18BP show

lower anti‐inflammatory properties due to the sequestration of IL‐37,
thus making the hyperinflammation of IL‐18 worse because of the

lack of the effects of IL‐37 (Banda et al., 2003; Cavalli & Dinarello,

2018). IL‐37 has been demonstrated to exert its anti‐inflammatory

effects at very low concentrations and this depends on the sponta-

neous formation of homodimers (Eisenmesser et al., 2019; Ellisdon

et al., 2017). In fact, IL‐37b dimerization occurring at high con-

centrations was found to limit its bioactivity either because of a

reduced steric affinity for the IL‐18Rα chain or a limitation in the

recruitment of the interleukin‐1 receptor 8 (IL‐1R8) coreceptor

(Cavalli & Dinarello, 2018). Therefore, this process has been

hypothesized to act as an auto‐regulatory mechanism to limit an

exaggerated immunosuppression.

4 | IL ‐18 AND INFECTIONS

Following invasion of a pathogen, the innate immune system limits

the spread of the infection until the adaptive immunity becomes

operational. However, in some predisposed individuals, the innate

immune system tends to overreact, leading to excessive systemic

inflammation and life‐threatening tissue injury (Cole & Ho, 2017;

Okamura, Kashiwamura, Tsutsui, Yoshimoto, & Nakanishi, 1998). IL‐
18 is involved in both innate and acquired immune responses, being

particularly released by macrophages after infections (Kinoshita

et al., 2006; Mastroeni et al., 1999). IL‐18 acts in synergism with IL‐
12, which is produced by phagocytic cells in response to bacteria and

bacterial products (Trinchieri, 1995), to stimulate naïve T, CD8+, and

NK cells to proliferate and produce IFN‐γ (Lauw et al., 1999; Takeda

et al., 1998; Figure 2). IFN‐γ stimulates phagocytosis and intracellular

killing of pathogens and induces key antiviral enzymes, being a crucial

element for host defense against infections (Schroder, Hertzog,

Ravasi, & Hume, 2004). Moreover, IL‐18 promotes Th1 differentiation

and NK cell cytotoxicity, inducing Fas ligand expression and facilitating

killing of infected cells by Fas‐mediated apoptosis (Tsutsui et al., 1997).

IL‐18 stimulates also the production of other cytokines, such as

TNF‐α and granulocyte‐macrophage colony‐stimulating factor

(GM‐CSF) and Th2 cytokines by NK and T cells (Leite‐De‐Moraes

et al., 2001; Figure 2).

F IGURE 2 IL‐18 is released following infectious stimuli. Most of the pathogens trigger the synthesis of mature IL‐1β, which, in turn, activates
caspase‐1 to cleave pro‐IL‐18 to mature IL‐18, which is then secreted. IL‐18 binds to its receptor (IL‐18R) on NK cells and T cells and stimulates
the production and release of IFN‐γ. IFN‐γ stimulates phagocytosis and intracellular killing of pathogens and induces key antiviral enzymes,

being a crucial element for host defense against infections. In addition, infectious diseases, especially viral infections, can also stimulate
endothelial cells to release IL‐18, although the mechanism by which this occurs is not fully understood. IL‐18 binds to IL‐18R in the hepatocytes
and causes hepatitis by increasing Fas ligand, thus leading the liver to release ferritin. Also Kupffer cells, e.g. the macrophage pool in the liver,

can release not only IL‐18, but also IL‐6, which stimulates hepatocytes to produce and release CRP. CRP, C‐reactive protein; IFN‐γ, interferon‐γ;
IL‐1β, interleukin‐1β; IL‐6, interleukin‐6; IL‐18, interleukin‐18; NK, natural killer
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In healthy subjects, IL‐18 levels range between 100 and 200 pg/

ml (Lauw et al., 1999; Taniguchi et al., 1997) and increase during

infection reaching values around 1,000 pg/ml with a parallel increase

in IFN‐γ concentrations (median value of 25 pg/ml vs. undetectable

levels in healthy controls; Lauw et al., 1999). In patients with septic

shock, IL‐18 serum concentrations are 6–15 times higher compared

with controls (Esquerdo et al., 2017; Mierzchala‐Pasierb et al., 2019).

Although IL‐18 seems to be involved in resistance to different pa-

thogens, elevated levels may also be detrimental by inducing

hyperinflammation‐related injury, such as sepsis‐induced cardiac

dysfunction (Okuhara et al., 2017).

4.1 | Viral infections

Many RNA and DNA viruses can trigger the NACHT, leucine‐rich
repeat, and pyrin domain‐containing protein 3 (NLRP3) inflamma-

some resulting in release of active IL‐1β and IL‐18, which participate

in host defense (Ichinohe, Pang, & Iwasaki, 2010; Ito, Yanagi, &

Ichinohe, 2012; McAuley et al., 2013; Zalinger, Elliott, & Weiss,

2017). The aberrant inflammasome activation, however, may result in

an exaggerated inflammation, thus worsening the disease course

(Han et al., 2014; K. J. Huang et al., 2005; Michels et al., 2015;

Mustafa, Elbishbishi, Agarwal, & Chaturvedi, 2001; Stylianou

et al., 2003; van de Veerdonk et al., 2012; Vecchiet et al., 2005;

Table 1). IL‐18 plasma levels are commonly elevated in viral infec-

tions, exceeding 1,000 pg/ml during the acute phase of Epstein–Barr

virus (EBV) and in human immunodeficiency virus (HIV) infection,

particularly in patients with severe disease (Stylianou et al., 2003;

van de Veerdonk et al., 2012).

IL‐18 stimulates NK cell‐mediated IFN‐γ production for antiviral

innate immune responses, mostly in combination with IL‐12
(Freeman, Raue, Hill, & Slifka, 2015). IL‐18 signaling, therefore, is

partially redundant with IL‐12 signaling, raising the possibility that

these cytokines enhance each other's functions (Zalinger et al.,

2017). A role for IL‐18 in viral clearance was described as mice

lacking IL‐18 showed poor survival and elevated viral replication

(Zalinger et al., 2017; Zhang et al., 2014). In a mouse model of ro-

tavirus infection, pretreatment with IL‐18 or IL‐22 (a cytokine with a

recognized role in gastrointestinal immunity; Shohan et al., 2020)

showed a partial protective effect, whereas both normal and im-

munodeficient mice appeared fully protected against rotavirus in-

fection when the two cytokines were co‐administered (Zhang

et al., 2014). Given the mutual independence of these two cytokines,

authors concluded that the concurrent signaling pathways activating

IL‐22 and IL‐18 protected against rotavirus infection and promoted

virus clearance, respectively (Zhang et al., 2014). Interestingly, only

IL‐18 activated caspase‐3 (as occurs for apoptosis) that correlated

with a rapid inhibition of viral replication and elimination of viral

genomes within 24 hr from the treatment (Zhang et al., 2014). In

another study, IL‐18−/− mice infected with mouse hepatitis virus

showed markedly reduced survival compared with wild‐type mice

(Zalinger et al., 2017). In these mice there was also a higher viral load

in most tissues (spleen, liver, and brain) compared with controls,

especially at day 7 postinfection (Zalinger et al., 2017), suggesting

that IL‐18 signaling is important in the resistance to and clearance of

the virus.

During the acute phase of viral hepatitis, a massive increase in

serum IL‐18 levels was observed (Kim et al., 2018). Macrophages and

Kuppfer cells produce IL‐18 in response to hepatitis C virus infection

and its concentrations are associated with liver injury (Shrivastava,

Mukherjee, Ray, & Ray, 2013; Vecchiet et al., 2005). A deletion in the

gene coding for IL‐18BP was found in an 11‐year‐old patient who

died of hepatitis A virus fulminant hepatitis (Belkaya et al., 2019). The

absence of IL‐18BP caused an excessive activation of NK cells that

depends on increased levels of free, biologically active, IL‐18. Thus,
authors suggested that IL‐18BP deficiency could, at least in part,

explain the acute liver failure that occurred in this case.

In a group of 18 patients with HLH secondary to infections (viral

n = 8, bacterial n = 5, and parasitic n = 1) or cancer‐related (n = 4), a

higher concentration of IL‐18 was observed compared with both

healthy and matched‐disease controls (Mazodier et al., 2005). Higher

levels of IL‐18BP were also detected in patients with HLH compared

with healthy controls but without significant difference from

matched‐disease controls. Interestingly, patients with HLH showed

higher levels of free IL‐18 compared with both control groups. Free

IL‐18 concentrations were positively correlated with cytokines in-

volved in the cytokine storm, which characterized the HLH, such as

IFN‐γ (Mazodier et al., 2005). Thus, the IL‐18/IL‐18BP imbalance

appears to be of particular importance in the pathophysiology of this

abnormal response to infections, especially in the viral ones (Janka,

Imashuku, Elinder, Schneider, & Henter, 1998). Interestingly, in

dengue virus infections, the increase in IL‐18 levels is associated with

a concurrent increase in IL‐18BP, thus the biologically active free IL‐
18 concentrations remain similar in the different phases of the dis-

ease independent of the infection severity (Michels et al., 2015).

Similar to what is seen in patients with viral hepatitis, in HIV

infection IL‐18 levels are associated with the severity of the disease,

being lower in treatment responders compared with nonresponders

(Stylianou et al., 2003). A positive correlation between IL‐18 levels

and the severity of the disease in EBV infection was also observed

(van de Veerdonk et al., 2012).

In SARS caused by SARS‐CoV‐1, circulating IL‐18 levels were

found to peak 4–6 days after fever onset and normalize during the

convalescent period (K. J. Huang et al., 2005). IL‐18 levels were

considerably elevated compared with those in healthy subjects and

were associated with increased levels of several other cytokine, in-

cluding IL‐6 and IL‐8 (K. J. Huang et al., 2005). In addition, IL‐18
concentrations were significantly higher in nonsurvivors compared

with survivors (K. J. Huang et al., 2005).

At present, no data are available on IL‐18 levels in SARS‐CoV‐2
infection. However, an increase in pro‐inflammatory cytokines have

been described in patients with SARS‐CoV‐2 infection and the hy-

perinflammation is likely the cause of severe, life‐threatening forms

(Mehta et al., 2020). Previous studies clearly showed that SARS‐CoV‐
1 infection was able to trigger the NLRP3 inflammasome, thus

VECCHIÉ ET AL. | 5



TABLE 1 Studies that investigated IL‐18 in viral infections in humans

References Patients Results

K. J. Huang

et al. (2005)

88 patients with SARS‐CoV‐1 versus healthy

controls

IL‐18 was found to increase later in the disease, with a peak between

Day 4 and 6 post‐fever onset.

Higher levels of IL‐18 were found in the sera of SARS patients during

the acute phase versus control (638.6 ± 392.8 vs. 78.4 ± 17.9 pg/

ml). A normalization of IL‐18 levels was observed during the

convalescent phase, e.g., ≥30 days after disease onset

(638.6 ± 392.8 → ND). No difference in IL‐18 concentration was

found between patients who developed and those who did not

develop antibodies against SARS‐CoV‐1.

Higher levels of IL‐18 were found in the nonsurvivor versus survivor

group (821.5 ± 497.33 vs. 534.1 ± 274.04, p < .001).

van de Veerdonk

et al. (2012)

10 EBV‐positive patients with IM versus 31 healthy

volunteers

At baseline, serum IL‐18 concentration was elevated in all patients

(1,018, 425–3,125 pg/ml) compared with healthy volunteers (200,

80–405 pg/ml).

In acute EBV disease, IL‐18 was associated with days after onset of

illness (r2 = −.49, p < .05), severity of disease (r2 = .46, p < .05), and

ALT, but not with EBV viral load.

All patients showed higher ferritin levels at baseline compared with

levels at the last visit (431, 56–824 vs. 115, 34–150mg/L for

males; 87, 51–112 vs. 57, 11–90mg/L for females). IL‐18
positively correlated with ferritin (r2 = .76, p < .05).

Zalinger

et al. (2017)

41 HIV‐1 patients versus 19 controls Higher IL‐18 levels were found in infected patients versus controls

(734.7, 484.0–964.3 vs. 285.0, 223.8–417.4 pg/ml; p < .001).

During SNAT, a gradual increase in IL‐18 concentrations was found in

progressors versus nonprogressors (p < .05).

During HAART, there was a significant decrease in IL‐18 levels at 3, 6,

12, and 24 months versus baseline (p < .01 for all), which was

paralleled by a decrease in HIV‐1 RNA load and an increase in

CD4+ count. Nonresponders had significantly higher IL‐18 levels

at several time points compared with responders (p < .05).

IL‐18 induced a significant upregulation of CCR4, CXCR4, and TRAIL

and a downregulation of CCR1 (p < .05 for all).

Vecchiet

et al. (2005)

34 HCV patients versus 13 subjects with NAFLD

versus 10 nonobese, noninfected healthy

controls

HCV patients and patients with NAFLD showed higher IL‐18 plasma

levels than controls (p < .005).

IL‐18 was higher in HCV patients than in those with NAFLD

(370 ± 249 vs. 175 ± 78 pg/ml, p < .01). Among HCV patients, the

group with CAH‐C had increased IL‐18 values compared with the

CH‐PNAL group (p < .001). In the HCV and CAH‐C groups, plasma

IL‐18 was positively correlated with serum ALT (r = .68, p < .001

and r = .05, respectively), serum AST (r = .78, p < .001 and r = .57,

p < .01), serum ALP (r = .74, p < .001 and r = .63, p < .005), and

serum γ‐GT (r = .72, p < .001 and r = .52, p < .02). In the CH‐PNAL

group, a positive association was found only between IL‐18 and

ALP (r = .59, p < .01).

Among patients with CAH‐C, plasma IL‐18 levels were higher in those

with viral genotype 1 than in patients with viral genotype non‐1
(678 ± 299 vs. 358 ± 175 pg/ml, p < .05). Additionally, plasma IL‐18
levels were positively correlated with serum ALT, AST, and γ‐GT in

patients with viral genotype 1 (r = .72, p < .02; r = .70, p < .02;

r = .70, p < .02, respectively).

Mustafa

et al. (2001)

84 patients with different grades of dengue illness

versus 21 normal healthy controls

Higher concentrations of IL‐18 were found in patients with DHF

grade III and grade IV compared with patients with DF (300 ± 110

and 366 ± 155 pg/ml, respectively vs. 76 ± 50 pg/ml, p < .001 for
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increasing IL‐18 and IL‐1β. The SARS‐CoV‐1 E protein‐mediated

calcium transport was found to activate the NLRP3 inflammasome

(Nieto‐Torres et al., 2015). Similarly, the ion channel activity of the

SARS‐CoV‐1 open reading frame (ORF)‐3a protein was essential for

the inflammasome activation, with potassium efflux and mitochon-

drial reactive oxygen species as main triggers (I. Y. Chen, Moriyama,

Chang, & Ichinohe, 2019; Yue et al., 2018). Another accessory pro-

tein, ORF‐8b, exhibited the ability to activate the NLRP3 inflamma-

some and colocalized with apoptosis‐associated speck‐like protein

containing a caspase recruitment domain (ASC, the scaffold protein

of the NLRP3 inflammasome) within the cytosol (C. S. Shi, Nabar,

Huang, & Kehrl, 2019). Also the Middle East respiratory syndrome

coronavirus (MERS‐CoV) was found to activate the NLRP3 in-

flammasome in human peripheral blood mononuclear cells showing

ASC specks and increased IL‐1β secretion (Ahn et al., 2019). In light

of these findings in SARS‐CoV‐1, SARS‐CoV‐2 might share some of

these features and be able to activate the NLRP3 inflammasome,

thus explaining the increased levels of circulating IL‐1β reported by

one study (C. Huang et al., 2020).

4.2 | Bacterial infections

Most of the currently available studies were conducted in models of

infection with intracellular bacteria (Table 1). IL‐18 acts synergisti-

cally with IL‐12 in the clearance of bacterial microorganisms through

the release of IFN‐γ, that stimulates phagocytosis and intracellular

killing of pathogens by macrophages (Novick et al., 2013). This was

TABLE 1 (Continued)

References Patients Results

both). Among patients with DHF, 35%, 40%, 62% and 87%

patients with DHF grade I, grade II, grade III, and grade IV,

respectively, had IL‐18 levels above the mean value detected in

control subjects, while high values were present only in 30% of

patients with DF. The highest value of IL‐18 was recorded in a

patient with DHF grade IV (568 ± 21 pg/ml).

IL‐18 levels were found lower on days 1–4 with a net increase from

day 9 onwards (70 ± 45 vs. 360 ± 148 pg/ml, p < .001).

Michels

et al. (2015)

95 patients with dengue illness versus 47 controls

(healthy individuals, n = 22, patients with

leptospirosis, n = 19, and with enteric fever, n = 6)

Patients with acute dengue illness, leptospirosis, and enteric fever had

significantly higher total median IL‐18 plasma levels than healthy

controls (p < .01 for all).

Plasma IL‐18BP levels were significantly higher in all three patient

groups than healthy controls (p < .01 for all).

Calculated free IL‐18 levels were unchanged in dengue illness and

leptospirosis patients compared with healthy controls, while

patients with enteric fever showed increased free IL‐18 levels

despite a concurrent increase in IL‐18BP compared with healthy

controls (p < .01).

Total IL‐18, IL‐18BP, and free IL‐18 plasma levels were not different

between nonsevere and severe dengue illness patients.

A positive correlation was observed for total IL‐18 and IL‐18BP with

ferritin in dengue illness patients (r = .36, p < .001 and r = .29,

p < .05, respectively).

Han et al. (2014) 91 pediatric patients with HEV 71‐associated HMFD IL‐18 levels were persistently higher in patients with mild HFMD with

a peak on day 4.

In severe HFMD patients, a more sustained progressive increase was

observed for IL‐18 with an early peak on day 3 and a late peak on

day 11.

No differences in IL‐18 levels were found between early onset

(≤3 days) and late phase (>3 days) stages. As well, no correlation

between IgM levels and IL‐18 levels was observed by the end of

disease course in both groups.

Abbreviations: ALP, alkaline phosphatase; ALT, alanine transaminase; CAH‐C, chronic active hepatitis C; CH‐PNAL, chronic hepatitis with persistently

normal ALT level; CCR, C‐C motif chemokine receptor; CXCR, C‐X‐C chemokine receptor type. CD, cluster of differentiation; DF, dengue fever; DHF,

dengue hemorrhagic fever; EBV, Epstein–Barr virus; HAART, highly active antiretroviral therapy; HEV, human enterovirus. HIV‐1, human

immunodeficiency virus‐1; HMFD, hand, foot, and mouth disease; IL‐18BP, interleukin‐18 binding protein; IM, infectious mononucleosis; ND,

nondetectable; RNA, ribonucleic acid; SARS, severe acute respiratory syndrome; SARS‐CoV‐1, severe acute respiratory syndrome‐associated coronavirus

1; SNAT, single nucleoside analog therapy; TRAIL, tumor necrosis factor‐related apoptosis‐inducing ligand.
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clearly shown in an in vitro study with Yersinia enterocolitica (Bohn

et al., 1998). IL‐18‐induced‐IFN‐γ release is reduced when an anti‐IL‐
12 antibody is added to spleen cell cultures from Yersinia infected

mice, while only a small decrease in IL‐12‐induced‐IFN‐γ production

was observed when an anti‐IL‐18 antibody was added (Bohn

et al., 1998). Mice treated with an anti‐IL‐18 antibody showed lower

levels of IFN‐γ and were more susceptible to infections caused by

intracellular bacteria compared with controls (Bohn et al., 1998;

Brieland et al., 2000; Dybing, Walters, & Pascual, 1999; Lertme-

mongkolchai, Cai, Hunter, & Bancroft, 2001; Mastroeni et al., 1999;

Neighbors et al., 2001). They also showed an increased bacterial load

in tissues (especially spleen and liver, as well as Peyer's patches;

Bohn et al., 1998; Dybing et al., 1999; Mastroeni et al., 1999;

Neighbors et al., 2001). IL‐18, therefore, does not seem to have a

direct effect on bacterial clearance, but its effect is rather mediated

mostly by IFN‐γ (Dinarello et al., 2013). Mice pretreated with an anti‐
IL‐18 antibody and then infected with Salmonella typhimurium showed

a higher bacterial count in the spleen and the liver and a reduced

survival than controls along with lower IFN‐γ levels (Mastroeni

et al., 1999). On the contrary, when mice were pretreated with re-

combinant IL‐18 (rIL‐18) before infection, fewer bacteria were de-

tected in the liver and the spleen (Mastroeni et al., 1999). In addition

IFN‐γ receptor knockout mice did not experience any benefit from

rIL‐18 treatment (Mastroeni et al., 1999), confirming that IFN‐γ is

required for the protective effect of IL‐18. In mice infected with

L. monocytogenes and pretreated with anti‐IL‐18R blocker, bacterial

clearance from the spleen was impaired and they experienced a

higher death rate compared with mice treated with a control anti-

body, irrespective of whether mice were immunocompetent or not

(Neighbors et al., 2001). This finding correlated with a reduction in

IFN‐γ levels of spleen cells following antigen stimulation. Interest-

ingly, in a mouse model of L. monocytogenes infection, an important

role for IL‐18 in bacterial clearance was mediated not only by IFN‐γ,
but also by TNF and nitric oxide. This mechanism, however, was by

now described only in L. monocytogenes infection and studies are

warranted to evaluate whether it is common to other intracellular

bacteria. Increased levels of IL‐18 were described in patients with

meningitis caused by L. monocytogenes and were found to correlate

with worse outcomes (Koopmans et al., 2014).

IL‐18 has also a role in infections caused by mycobacteria. IL‐18−/−

mice infected with Mycobacterium tuberculosis were more prone to

develop the infection compared with controls and this resulted in a

reduction of IFN‐γ production, both in the serum and tissues (spleen,

liver, and lung; Kinjo et al., 2002). Similar findings were observed in

IL‐18−/− mice infected with M. tuberculosis and Mycobacterium bovis

(strain BCG Pasteur), which presented with lower splenic levels of

IFN‐γ and developed granulomatous lesions in lungs and spleen

(Sugawara et al., 1999). Interestingly, the growth of the granulomas

was blocked by exogenous rIL‐18, which reduced also the bacterial

load (Sugawara et al., 1999).

Differently from other intracellular bacteria, a mouse model of

Campylobacter jejuni infection showed that IL‐18−/− mice presented a

lower inflammatory response as well as less macroscopic and

microscopic colon lesions compared with controls (Bereswill

et al., 2016). These aspects were confirmed also in another study

where IL‐18−/− mice had decreased cytokine levels and lower num-

bers immune cells within the colon as compared with controls

(Heimesaat, Alutis, et al., 2016). Another study, however, gave opposite

results (Heimesaat, Grundmann, et al., 2016), thereby suggesting that

the role of IL‐18 in C. jejuni deserves further investigations.

With regard to extracellular bacteria, IL‐18 was studied in mice

infected with Staphylococcus aureus. Only one‐third of infected IL‐18−/−

mice developed septicemia, while three‐quarters of them developed

severe septic arthritis compared with controls (Hultgren, Kopf, &

Tarkowski, 1998). Since TNF‐α has been implicated in the pathogen-

esis of Gram‐positive bacterial sepsis (Miethke et al., 1992), the re-

duced frequency of septicemia might be related to the ability of IL‐18
to upregulate TNF‐α in peripheral mononuclear blood cells (Puren,

Fantuzzi, Gu, Su, & Dinarello, 1998). The increased occurrence of

septic arthritis seems to be caused by a reduction in IFN‐γ levels, as

previously shown (Zhao & Tarkowski, 1995). In an experimental model

of bacterial meningitis, mice pretreated with rIL‐18BP and anakinra, a

recombinant human IL‐1 receptor antagonist, showed a marked re-

duction in cerebral spinal fluid (CSF) pleocytosis and better outcomes

(Hoegen et al., 2011). Similarly, one study showed that patients with

meningitis due to Streptococcus pneumoniae had increased IL‐18 levels

in the CSF, which correlated with the development of cerebral damage

(Geldhoff et al., 2013).

In conclusion, IL‐18 is likely to be involved in bacterial clearance,

especially in infections caused by intracellular bacteria. Some con-

troversial data arose from mouse models of C. jejuni infection and in

human studies on patients with meningitis, where higher IL‐18 levels

were associated with worse outcomes. This might suggest that fur-

ther studies in humans are warranted to clarify the mechanisms by

which IL‐18 acts in response to bacterial infections.

4.3 | Parasitic and fungal infections

IL‐18 is involved also in host resistance against parasites and fungi

(Table 2; Basir et al., 2012; Cai, Kastelein, & Hunter, 2000; Dupre

et al., 2001; Kawakami et al., 1997, 2000; Meyer Zum Buschenfelde,

Cramer, Trumpfheller, Fleischer, & Frosch, 1997; Monteforte

et al., 2000; Ohkusu et al., 2000; Wei et al., 1999; Yap, Ortmann,

Shevach, & Sher, 2001). Parasitic infections induce IL‐18 expression

(Basir et al., 2012; Cai et al., 2000; Dupre et al., 2001; Meyer Zum

Buschenfelde et al., 1997) and the administration of rIL‐18 increases

host resistance to infection (Cai et al., 2000; Yap et al., 2001). IL‐18−/−

mice were highly susceptible to Leishmania major infection com-

pared with controls (Wei et al., 1999). This was accompanied by

depressed Th1 but enhanced Th2 cell response. IL‐18−/− mice

developed larger lesions during the early phase of L. major infection

(Monteforte et al., 2000; Ohkusu et al., 2000). However, they were

able to resolve them efficiently throughout the Th1 response

(Monteforte et al., 2000). Similar findings were derived from studies

on mice infected with Cryptococcus neoformans in which the
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TABLE 2 Studies that investigated IL‐18 in animal models of bacterial infections

References Mice Pathogen Results

Bohn et al. (1998) C57BL/6 and BALB/

c mice

Yersinia enterocolitica In all mice, IL‐18 induced significant IFN‐γ production in a dose‐
dependent manner in naïve spleen cells stimulated with Yersinia.

Yersinia‐resistant C57BL/6 mice expressed 4‐fold higher IL‐18 mRNA

levels than susceptible BALB/c mice. An anti‐IL‐18 mAb caused a

huge increase in bacterial count in the spleen of infected mice, while

IFN‐γ was unchanged.

Mastroeni

et al. (1999)

C57BL/6 mice Salmonella typhimurium Resident peritoneal and splenic macrophages can release IL‐18
following Salmonella infection. As well, mononuclear cells stimulated

with IFN‐γ stimulation greatly increased IL‐18 production.

Mice treated with rmIL‐18 showed a better protection against

Salmonella. On the contrary, IL‐18 blockade reduced or eliminated

IFN‐γ release both from the spleen of T‐cell‐deficient mice and sera

of infected mice.

Dybing

et al. (1999)

BALB/c mice Salmonella typhimurium Anti‐IL‐18 serum reduced survival in infected mice compared with

normal serum‐ or PBS‐treated mice (6 vs. 8 days, p < .005).

Anti‐IL‐18 serum in mice administered with an avirulent Salmonella

vector was able to limit the early IFN‐γ production in the Peyer's

patches compared with vehicle‐treated mice, while it showed a

limited effect on splenic IFN‐γ until lately.

Treatment with anti‐IL‐18 mAb early reduced IL‐18 levels in the Peyer's

patches (p < .001 vs. vehicle), while the effect on the spleen occurred

starting on day 3 (p < .001 vs. vehicle).

Bereswill

et al. (2016)

C57BL/6j IL‐18−/− mice Campylobacter jejuni Shortening of the intestinal tract was not observed in IL‐18−/− mice. Less

distinct histological sequelae were present within the large intestinal

mucosa in IL‐18−/− mice.

C. jejuni‐infected IL‐18−/− mice displayed lower Treg and B lymphocyte

numbers in their colon and smaller inflammatory response as

compared with infected WT animals (p < .05)

Neighbors

et al. (2001)

BALB/c and SCID B/

6 mice

Listeria monocytogenes Administration of an anti‐IL‐18R mAb in infected mice dramatically

reduced the survival (100% of death by day 4 vs. control Ab). A

reduced survival was also observed when anti‐IL‐18R mAb was co‐
administered with anti‐IL‐12 mAb.

Clearance of Listeria from the spleen was significantly impaired in

animals pretreated with anti‐IL‐18R mAb versus isotype control

mAb both in BALB/c and SCID B/6 mice (p < .05). This correlated

with a decrease in IFN‐γ production in mice treated with anti‐IL‐18R
mAb versus those treated with the isotype mAb (p < .05).

Bacterial clearance was reduced in infected mice given anti‐IL‐12 mAb

or anti‐IFN‐ γ mAb versus isotype mAb‐treated control mice (p < .05

for both). Administration of rmIL‐18 in mice treated with isotype

mAb or in IFN‐γ‐depleted mice reduced the bacterial load (p < .05).

Wei et al. (1999) IL‐18−/− mice Staphylococcus aureus IL‐18−/− mice developed less often septicemia, while having more severe

arthritis than IL‐18+/+ mice after S. aureus infection.

Compared with IL‐18+/+ mice, IL‐18−/− mice developed a markedly

reduced Th1 response.

H. Lu et al. (2020) C57BL/6 WT, IL‐
12p40−/−, and IL‐
18−/− mice

Chlamidia trachomatis Across 10 days postinfection, IL‐18−/− mice showed a greater body

weight loss and similar lung clearance of infection compared with

WT mice. During the same period, IL‐12−/− mice showed a significant

weight loss and failure to clear the infection from the lungs

compared with WT mice (p < .05 for both).

Knockout mice presented with a more severe inflammation, especially

for IL‐12−/− mice, compared with WT mice. In IL‐18−/− lung sections,

(Continues)
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TABLE 2 (Continued)

References Mice Pathogen Results

the areas of consolidation were rich in mononuclear and

polymorphonuclear cells, while polymorphonuclear infiltrates were

more abundant in IL‐12−/− mice.

Tsuji et al. (1999) BALB/c WT and IFN‐
γ−/− mice

Propionibacterium acnes Following infection, intrahepatic granulomas occurred in WT mice, while

IFN‐γ−/− mice showed a reduced number and size of granulomas

(p < .01 for both).

A subsequent low dose of LPS produced a massive liver necrosis in WT

mice with a marked increase in IL‐18 and IL‐12. In contrast, IFN‐γ−/−

mice developed scattered focal necrosis of the liver with

significantly lower levels of IL‐18 and IL‐12 production (p < .01

for both).

Sugawara

et al. (1999)

WT and IL‐18−/− mice Mycobacterium tuberculosis IL‐18−/− mice developed larger granulomas compared with WT mice

(18,620 ± 430 vs. 5,880 ± 300 μm, p < .01), but had no necrotic

lesions in their lungs and spleens. When rmIL‐18 was given, the size

of the granulomas was reduced significantly (4,820 ± 153 μm), and

there were no bacteria in the lesions.

Splenic IFN‐γ levels were lower in IL‐18−/− mice compared with

WT mice.

Kobayashi

et al. (1998)

C57BL/6 and KK mice Mycobacterium leprae At day 140 postinfection, an increased mononuclear cell infiltration and

many leprosy bacilli were observed in footpads of KK mice versus

C57BL/6 mice.

KK mice presented a marked and persistent expression (until day 21

postinfection) of inflammatory cytokines (IL‐1β, TNF‐α, and MIP‐1β)
within the lesions compared with a transient expression of those

cytokines in C57BL/6 mice. No expression of these cytokines was

observed in both strains at days 42, 84, and 140.

An increase in IL‐12 p40 and IL‐18 mRNA expression was found in the

lesion of C57BL/6 mice soon after the bacterium inoculation, with a

peak at 3 hr and return to baseline levels by day 21. On the contrary,

no expression of IL‐12 p40 and IL‐18 was found in KK mice.

Brieland

et al. (2000)

A/J mice Legionella pneumophila Intratracheal inoculation of the bacterium induced IL‐18 in BALF (at

peak after 4 hr) and intrapulmonary expression of IL‐18 mRNA (at

peak after 24 hr), this preceding induction of IL‐12 and IFN‐γmRNAs

in the lungs.

Mice pretreated with anti‐IL‐12 mAb or anti‐IL‐18R mAb showed a

significant inhibition of pulmonary IFN‐γ (93% and 62%,

respectively, p < .05 for both vs. control Ab). When mice were

pretreated with anti‐IL‐18R mAb and anti‐IL‐12 mAb, a significant

decrease in pulmonary levels of IFN‐γ occurred (97%, p < .05 vs.

control Ab). No significant change was observed for resolution of

bacterium replication.

IL‐12 blockade with anti‐IL‐12 mAb alone or in combination with anti‐IL‐
18R mAb inhibited induction of intrapulmonary IFN‐γ and resulted

in enhanced intrapulmonary growth of the bacteria within 5 days

postinfection.

Sansonetti

et al. (2000)

Casp‐1−/−, IL‐1β−/−, IL‐
18−/−, and C57BL/

6 mice

Shigella flexneri Casp‐1−/− mice were infected and then injected with either recombinant

rmIL‐1β or rmIL‐18. rmIL‐1β‐treated showed a more diffuse and

severe inflammatory response and a greater spread of bacteria

compared with WT mice, while rmIL‐18‐treated mice presented a

reduced and more restricted inflammation similar to what observed

in WT mice.

After infection, IL‐1β−/− mice did not show significant differences in

number of bacteria up to 48 hr compared with WT mice. On the

contrary, IL‐18−/− mice were not able to control the infection from 6
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administration of rIL‐18 reduced the dissemination of the fungus

(Kawakami et al., 1997, 2000; Table 3).

The role of IL‐18 in Plasmodium infections is more complex and

not fully understood yet. While IL‐18 was not likely to be involved

in the pathogenesis of Plasmodium berghei ANKA (Kordes,

Matuschewski, & Hafalla, 2011), its contribution in the im-

munomodulation against Plasmodium falciparum was largely in-

vestigated (Schofield et al., 2017). In experimental model of malaria

infections, IL‐18 levels were associated with the parasite diffusion,

especially for severe disease, and a reduction was observed fol-

lowing the administration of an anti‐IL‐18 antibody (Basir

et al., 2012; Nagamine et al., 2003). IL‐18 inhibition decreased also

the inflammation caused by Plasmodium infection and improved the

histopathologic findings in the organs of infected mice (Basir

et al., 2012; Jabbarzare et al., 2015). In patients (both adults and

children) with uncomplicated malaria, there was a significant

increase in IL‐18 levels with a parallel, not significant, increase in IFN‐γ
levels (Dodoo et al., 2002; Malaguarnera, Pignatelli, Musumeci,

Simpore, & Musumeci, 2002; Torre et al., 2001). It was proposed that,

in the very early stages, activated macrophages release IL‐18 and

IL‐12 stimulating the activation of NK and γδ T cells, respectively, to

produce high amounts of IFN‐γ, leading to a rapid resolution of malaria

(Artavanis‐Tsakonas & Riley, 2002; Torre, 2009). Therefore, persis-

tently increased IFN‐γ levels up to 4‐7 days posttreatment were ob-

served, especially in patients with severe disease (Kojima, Nagamine,

Hayano, Looareesuwan, & Nakanishi, 2004; Nagamine et al., 2003),

suggesting that a deregulated IFN‐γ‐driven response may be

detrimental.

In human paracoccidioidomycosis caused by Paracoccidioides

brasiliensis and P. lutzii, elevated serum levels of IL‐18 were asso-

ciated with the severe form of the disease (Alves et al., 2018; Cor-

vino, Mamoni, Fagundes, & Blotta, 2007).

5 | IL‐18 BLOCKADE: A NEW
THERAPEUTIC OPPORTUNITY

The manipulation of the inflammatory response during viral infec-

tions can reduce tissue inflammation but may potentially also com-

promise prompt and effective viral clearance. However, while in an

early stage the cytopathy is likely caused by the viral replication and

the adaptive immune response efforts to clear the virus, in later

stages the overreactive response to the virus is most possibly re-

sponsible for tissue damage. In this sense, efficient anti‐inflammatory

treatments could be beneficial.

To date, no approved treatments specifically reducing the ac-

tivity of IL‐18 are available. However, by exploiting the high affinity

of IL‐18BP for IL‐18, some advances have been done especially, but

not only, in IL‐18‐mediated rheumatic diseases.

Based on preclinical (Carbone et al., 2017) and clinical (Bosch

et al., 2005; Fischer, Perstrup, Berntsen, Eskildsen, & Pedersen, 2005;

Thorand et al., 2005) findings linking IL‐18 with obesity and type 2

diabetes (T2D), GSK1070806, a humanized IgG1 antibody binding IL‐
18 with high affinity, has been tested in a multicenter, randomized,

placebo‐controlled, parallel‐group phase IIa trial conducted in Spain

(McKie et al., 2016). Thirty‐seven patients with obesity and T2D

were randomized to placebo (n = 12), GSK1070806 0.25mg/kg

(n = 13), or GSK1070806 5mg/kg (n = 12). The primary objective of

the study was the assessment of the efficacy of two administrations

of the drug in terms of improvement in fasting plasma glucose con-

trol. However, although generally safe and well‐tolerated, the drug

failed to significantly improve fasting glycemia over placebo across

days 29, 57, and 85 (McKie et al., 2016).

Recombinant human IL‐18BP (rhIL‐18BP) was administered in a

small number of patients with rheumatoid arthritis or psoriasis in a

phase I study showing a favorable safety profile and good tolerance

(Tak, Bacchi, & Bertolino, 2006), but further data have neither been

published nor other studies carried out for these diseases.

Although not approved, rhIL‐18BP is being investigated in clin-

ical trials for genetic or secondary forms of HLH, which present with

a severe hyperinflammatory state associated with pancytopenia, liver

dysfunction, elevated ferritin levels, and coagulopathy (Grom &

Mellins, 2010). Indeed, patients with a gain‐of‐function mutation of

NLRC4 gene (Canna et al., 2017) or a deficiency of the X‐linked in-

hibitor of apoptosis protein (Wada et al., 2014) show a hyperin-

flammatory state and high levels of free IL‐18, similar to MAS. rhIL‐
18BP treatment of these patients led to the resolution of the

inflammatory state (Canna et al., 2017; Romberg, Vogel, &

Canna, 2017).

More recently, rhIL‐18BP has emerged as a treatment to reduce

IL‐18 activity in AOSD (Gabay et al., 2018; Girard et al., 2016). The

rhIL‐18BP tadekinig alfa was tested in a phase II, open‐label study in

23 patients with active AOSD plus fever or C‐reactive protein

(CRP) ≥ 10mg/L despite treatment with prednisone and/or

TABLE 2 (Continued)

References Mice Pathogen Results

up to 48 hr, with the lungs showing 61 (p = .02) and 1,150 (p = .04)

fold more bacteria at 24 and 48 hr, respectively, compared with

WT mice.

Abbreviations: Ab, antibody; Casp, caspase; IFN, interferon; IL, interleukin; IL‐1R, interleukin‐1 receptor; IL‐18R, interleukin‐18 receptor; HKY, heat‐killed
Yersiniae; LPS, lipopolysaccharide; mAb, monoclonal antibody; MIP‐1β, macrophage inflammatory protein‐1β; mRNA, messenger ribonucleic acid; NK,

natural killer. PBS, phosphate‐buffered saline; rmIL‐12, recombinant murine IL‐12; rmIL‐18, recombinant murine IL‐18; rmIL‐18BP, recombinant murine

IL‐18 binding protein; Sm28GST, S. mansoni glutathione S‐transferase; Th1, T‐helper 1; TNF, tumor necrosis factor; WT, wild type.
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TABLE 3 Studies that investigated IL‐18 in animal models of fungal, parasitic, and viral infections

References Mice Pathogen Results

Wei et al. (1999) IL‐18−/− mice Leishmania major Compared with IL‐18+/+, IL‐18−/− mice were highly susceptible to

infection. IL‐18 absence predisposed animals to an enhanced

Th2 response along with a depressed Th1 response after

immunological activation.

Monteforte et al. (2000) IL‐18−/− and C57BL/

6 mice

Leishmania major After L. major infection, IL‐18−/− developed larger skin lesions in an

early phase that resolved as successfully as IL‐18+/+ mice.

By week 2 postinfection, lymph node cells from WT and IL‐18−/−
mice produced similar levels of IFN‐ γ, but IL‐18−/− mice

produced more IL‐12.

By week 10 postinfection, all mice resolved the infection, with

lymph node cells from them producing IL‐12 and IFN‐γ. IL‐18−/−

mice injected with an anti‐IFN‐γ antibody were susceptible to

the infection.

Ohkusu et al. (2000) BALB/c,, C57BL/6, C3H/

HeN, IFN‐γ−/−, IL‐
18−/− mice

Leishmania major Following the infection, administration of IL‐12 or IL‐18 for the first

week in BALB/c mice failed to inhibit footpad swelling.

Coadministration of IL‐12 and IL‐18 in BALB/c mice significantly

inhibited footpad swelling by reducing the number of parasites

(p < .001 vs. PBS) and these mice acquired protective immunity.

This did not occur in IFN‐γ−/− BALB/c mice.

The injection of anti‐IL‐18 mAb twice weekly in C3H/HeN mice

soon after infection increased the footpad swelling after 5

weeks (p < .01 vs. control Ab).

IL‐18−/− mice experienced a more severe footpad swelling

compared with IL‐18+/+, at peak between at 2nd and 3rd week

postinfection (p < .01 for both time points).

Cai et al. (2000) SCID B/6 mice Toxoplasma gondii Infected mice showed increased serum levels of IL‐18, but not of IL‐
18 mRNA.

IL‐18 blockade in infected mice led to early reduction in serum IL‐
18 and IFN‐γ levels, while by day 7 postinfection no significant

difference in serum levels of IFN‐γ was observed.

rmIL‐18 administration enhanced innate immune resistance to

infection mainly dependent on the production of IFN‐γ by NK

cells.

Yap et al. (2001) B10.Q‐H2‐q/SgJ mice Toxoplasma gondii B10.Q‐H2‐q/SgJ mice exhibited an increased susceptibility to

infection due to a delay in mounting an IL‐12‐dependent IFN‐γ
response after parasite inoculation.

rmIL‐18 administration is able to restore the early IFN‐γ response

and host resistance to infection in an IL‐12‐dependent manner.

Meyer Zum Buschenfelde

et al. (1997)

BALB/c mice Trypanosoma cruzi mRNA for IL‐18 was induced by the parasitic infection and its

expression increased during infection with T. cruzi. This

occurred earlier and declined progressively until day 38, when

IFN‐γ and IL‐12 transcripts were best expressed.

Dupre et al. (2001) BALB/c mice Schistosoma mansoni IL‐18 mRNA was induced in the skin of mice, 3 days after infection

induction.

The injection of the IL‐18‐encoding plasmid before infection caused

a local, transient cellular infiltration. Co‐delivery of the IL‐18‐
encoding plasmid with Sm28GST‐encoding plasmid greatly

increased IFN‐γ release by spleen cells versus mice that

received only the Sm28GST‐encoding plasmid. This led to a 23%

reduction in worm burden and a 28% reduction in egg laying

(p < .05 for both).
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TABLE 3 (Continued)

References Mice Pathogen Results

Basir et al. (2012) ICR mice Plasmodium

berghei ANKA

Plasma IL‐18 levels were significantly increased from day 2 until

day 5 postinfection in infected versus control mice (18.0 ± 5.0

vs. 9.5 ± 1.3 ng/ml p < .001 and 57.1 ± 6.0 vs. 9.0 ± 0.8 ng/ml,

p < .0001, respectively). IL‐18 concentrations positively

correlated with the percentage of development of parasitemia

throughout the infection period (r2 = .7, p < .001).

IL‐18 blockade with IL‐18 mAb and rmIL‐18BP significantly

decreased the parasitemia development versus normal saline

(p < .05 from days 2 to 5 for both). Treatment with rmIL‐18
resulted in a significant increase in parasitemia development

compared with normal saline (p < .05 from Day 2–5).

Fungi

Kawakami et al. (1997) BALB/c mice Cryptococcus

neoformans

rmIL‐18 was protective against infection by reducing the

dissemination of the fungus both in the brain and in the lung, as

well as cryptococcal polysaccharide Ag levels compared with

PBS (p < .01 for all). rmIL‐18 improved survival in a dose‐
dependent manner.

Treatment with rmIL‐18 was associated with a massive infiltration

of inflammatory cells and almost no yeast cells in the lungs,

while an opposite pattern was found for PBS‐treated mice.

Treatment with rmIL‐18 increased serum levels of IFN‐γ, while

administration of an anti‐IFN‐γ mAb abrogated the protective

effect of IL‐18 on cryptococcal infection.

Treatment with an anti‐IL‐18 mAb exacerbated the infection

(increased number of yeast colonies within the lung at days 7

and 14 postinfection, p < .05 vs. PBS for both). This was true

when mice were infected with the less virulent YC‐13 strain,

while failed when mice were infected with the more virulent

YC‐11 strain.

Kawakami et al. (2000) IL‐12p40−/−, IFN‐γ−/−, IL‐
18−/− mice

Cryptococcus

neoformans

IL‐12p40−/− mice showed an impaired host resistance to infection

compared with WT mice, with a decreased IFN‐γ production

partially contributing.

Treatment with anti‐IL‐18 mAb significantly increased the yeast

lung burden compared with control IgG in IL‐12p40−/−

mice (p < .05).

Treatment with rmIL‐18 or rmIL‐12 (control) during the first 7 days

postinfection decreased the yeast lung burden by almost 10‐
fold (p < .001 vs. PBS‐treated mice), although the effect of rmIL‐
12 was greater. In addition, both rmIL‐12 and rmIL‐18 increased

the serum levels of IFN‐γ in IL‐12p40−/− mice, with a more

marked effect for rmIL‐12.
Viruses

Zalinger et al. (2017) WT C57BL/6, IL‐18R−/−,

and Casp‐1/11−/
− mice

Mouse hepatitis virus Casp‐1/11−/− mice were found to be acutely vulnerable to infection

(40% vs. 90% survival in WT mice). IL‐18R−/− mice showed a

10% survival versus 90% in WT mice.

IL‐18 concentrations were lower in the serum of Casp‐1/11−/−

compared with WT mice (p < .001).

At day 5 postinfection, IL‐18R−/− mice had significantly lower IFN‐γ
levels versus WT mice (p < .05). By day 7 postinfection, higher

IFN‐γ levels were found in IL‐18R−/− mice.

Abbreviations: Ab, antibody; BALF, bronchoalveolar lavage fluid; Casp, caspase; HKY, heat‐killed Yersiniae; IFN, interferon; IL, interleukin; IL‐18R,
interleukin‐18 receptor; mAb, monoclonal antibody; mRNA, messenger ribonucleic acid; NK, natural killer; PBS, phosphate‐buffered saline; rmIL‐12,
recombinant murine IL‐12; rmIL‐18, recombinant murine IL‐18; rmIL‐18BP, recombinant murine IL‐18 binding protein; Sm28GST, S. mansoni glutathione

S‐transferase; Th1, T‐helper 1; WT, wild type.
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conventional synthetic disease‐modifying antirheumatic drugs

(Gabay et al., 2018). Tadekinig alfa was administered subcutaneously

at 2 doses, 80 and 160mg, 3 times a week for 12 weeks. Serum levels

of free IL‐18 were detected in 7 patients at baseline. Free IL‐18 was

undetectable in all patients at the final blood assessment (Gabay

et al., 2018). Among those patients with detectable free IL‐18 levels

at baseline, four exhibited a clinical response, whereas free IL‐18
remained elevated in two of three patients who failed to respond to

treatment (Gabay et al., 2018). These laboratory findings, along with

reduction in CRP, coupled with the observation of early signs of

clinical efficacy with response rates of 50%, irrespective of the drug

dosage. The drug was generally safe, with injection site reactions

(mostly mild), upper airway infections, and arthralgias as the most

common adverse events (Gabay et al., 2018). The only drug‐related
serious adverse was toxic optic neuropathy, which led to interruption

of the treatment in one patient (Gabay et al., 2018).

It is important to remember that the antibody against IL‐18 and

rhIL‐18BP have different mechanisms of action. While rhIL‐18BP is

able to neutralize IL‐18 along with the anti‐inflammatory IL‐37, the
antibody against IL‐18 binds exclusively to IL‐18 without affecting IL‐
37 activity.

6 | IL‐18 BLOCKADE IN COVID‐19

IL‐18 has been shown to participate in host defense against viruses

(Zalinger et al., 2017), but the overwhelming release of this cytokine

caused by an exaggerated and uncontrolled immune response can be

detrimental and associated with significant morbidity and mortality.

The disproportionate reaction of the immune system can be trig-

gered particularly by viruses that are not common human pathogens,

such as SARS‐CoV‐1 and SARS‐CoV‐2 (Bermejo & Munoz‐Fernandez,
2004). Therefore, the availability of a monoclonal antibody against IL‐
18 and/or an rhIL‐18BP appears as an attractive opportunity to di-

rectly tackle this unique cytokine in COVID‐19 to block the cytokine

storm and the subsequent inflammatory injury. The time of admin-

istration of this treatment may be of importance to achieve the

correct balance in the immune response: not too early to not affect

virus clearance, not too late, when the inflammation‐mediated da-

mage is already severe (Figure 3). The role of IL‐18 is overwhelmed

by IL‐18BP, whose affinity for IL‐18 is extremely high. Importantly,

high levels of IL‐18BP might be detrimental and correlate with dis-

ease severity as the anti‐inflammatory properties are lost due to a

relative deficiency in IL‐37 levels.

Given the similarities and the interplay between IL‐1β and IL‐18
(Dinarello, 2019), IL‐1 blockade with anakinra may be considered as a

potential therapeutic option to target also IL‐18, as recently shown

by an open‐label study in COVID‐19 patients (Cavalli et al., 2020).

IL‐1β can induce caspase‐1 expression, which is required for the

subsequent proteolytic maturation of pro‐IL‐18 (Toldo et al., 2018).

Anakinra can indirectly block the production of biologically active

IL‐18 (Toldo et al., 2014), thereby counteracting the overwhelming

IL‐18 response. Accordingly, different trials are currently testing

anakinra in patients with COVID‐19.

F IGURE 3 The therapeutic window for IL‐18 blockade. IL‐18 is important for the clearance of viruses as it stimulates T‐cell proliferation and

the release of IFN‐γ. An exaggerated response, however, may be detrimental and responsible for tissue injury as occurs in severe cases of
COVID‐19. Timely IL‐18 blockade is an appealing therapeutic opportunity to blunt the cytokine storm and the subsequent damage leading to
organ failure. Therefore, the time of administration is of utmost importance and should not impair the immune response: this means neither

too early reducing virus clearance, nor too late when the cytokine storm has taken place and the tissue injury is ongoing. Importantly, elevated
levels of IL‐18BP might be detrimental and correlate with disease severity as the anti‐inflammatory properties are lost due to a relative
deficiency in IL‐37 levels. COVID‐19, coronavirus disease‐2019; IFN‐γ, interferon‐γ; IL‐18, interleukin‐18
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7 | CONCLUSION

IL‐18 appears protective in the early phase of infections driving an

appropriate response against the pathogen, which is responsible for

most of the initial damage, while it can become detrimental in later

phases, when hyperinflammation in the setting of a cytokine storm is

responsible for tissue injury. Although less information is available on

the role of IL‐18 in SARS‐CoV‐2, IL‐18 blockade might represent a

therapeutic option for COVID‐19. Studies are required to further

deepen the role of IL‐18 and IL‐18BP with respect to IL‐37 in SARS‐
CoV‐2 infection to identify the best moment for pharmacologic IL‐18
inhibition (Figure 3).
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