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Abstract: Interferon-γ (IFN-γ) affects immune responses in a complex fashion.  

Its immunostimulatory actions, such as macrophage activation and induction of T helper  

1-type responsiveness, are widely acknowledged, however, as documented by a large body 

of literature, IFN-γ has also the potential to temper inflammatory processes via other pathways. 

In autoimmune and autoinflammatory disorders, IFN-γ can either play a disease-enforcing 

role or act as protective agent, depending on the nature of the disease. In animal models of 

any particular autoimmune disease, certain changes in the induction procedure can reverse 

the net outcome of introduction or ablation of IFN-γ. Here, we review the role of endogenous 

IFN-γ in inflammatory disorders and related murine models, with a focus on systemic 

juvenile idiopathic arthritis (sJIA) and macrophage activation syndrome (MAS). In particular, 

we discuss our recent findings in a mouse model of sJIA, in which endogenous IFN-γ  

acts as a regulatory agent, and compare with results from mouse models of MAS. Also,  

we elaborate on the complexity in the activity of IFN-γ and the resulting difficulty of 

predicting its value or that of its antagonists as treatment option. 
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1. Introduction 

The family of interferons (IFNs) represents cytokines with viral “interference” properties. Three groups 

of IFNs have been described, based on their respective receptors. The type I IFN family is the largest, 

with IFN-α and IFN-β as archetypal members. All type I IFNs are related by structure and bind to a 

common heterodimeric receptor (IFNAR) [1]. The recently defined third subgroup of IFNs, consisting 

of IFN-λ subtypes, exerts actions similar to those of type I IFNs, but uses a different cell surface receptor 

(IFNLR). Interferon-γ (IFN-γ), discovered in the early 1960s, is the sole type II IFN. While IFN-γ owes 

its name and classification as an IFN to its antiviral activity [2], it differs from other IFNs in many  

ways [3]. Indeed, IFN-γ is encoded by a separate chromosomal locus, has its own receptor (IFNGR) and 

differs structurally from other types [4]. While both type I and type III IFNs are essential for antiviral 

immunity, the antiviral properties of IFN-γ represent only a subordinate part of its immunomodulatory 

functions. As deducted from studies in mice and individuals with errors in the IFN-γ pathways, a unique 

function of IFN-γ consists of defense against intracellular bacteria, fungi and parasites [5]. In contrast to 

type I IFNs, which are produced by virus-infected cells, IFN-γ is a product of immune cells in response 

to various stimuli. Predominant sources are natural killer (NK) cells and activated T cells, but B cells, 

NKT cells and antigen-presenting cells have also been described. Production and secretion of IFN-γ are 

under positive regulatory control by interleukin (IL)-12 and IL-18, cytokines that themselves are derived 

from antigen-presenting cells. IFN-γ orchestrates its many cellular reactions through induction of gene 

transcription via the Janus kinase (JAK)/signal transducer and activator of transcription  

(STAT)-pathway [4]. The role of IFN-γ in a certain disorder can be proinflammatory or regulatory, which 

explains the difficulty to predict its value (or that of its antagonists) as a treatment option. 

2. Pro- and Anti-Inflammatory Aspects of Interferon-γ 

IFN-γ both promotes proinflammatory pathways, like host defense against intracellular pathogens, 

and exerts regulatory functions, such as induction of T cell apoptosis. The net effect of IFN-γ signaling 

depends on the context and time frame wherein the disease progresses [6–8]. Table 1 provides an 

overview of prominent immune-stimulatory and anti-inflammatory effects of IFN-γ. 

Table 1. General properties of interferon-γ in immune pathways. 

Proinflammatory Anti-Inflammatory 

Macrophage activation Inhibition of Th2 and Th17 polarization 

Upregulation of antigen presentation pathways Induction of IDO 

NK cell activation Induction of T cell apoptosis 

Induction of Th1 polarization Inhibition of neutrophil specific chemokines 

Stimulation of monocyte chemoattractants Inhibition of tissue damage  

Upregulation of cell adhesion molecules Inhibition of osteoclastogenesis 

B cell maturation Induction of IL-18 binding protein  

Abbreviations: IDO, indoleamine 2,3-dioxygenase; NK, natural killer; Th, T helper. 
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2.1. Macrophage Activation and Enhancement of Immune Pathways 

IFN-γ favors innate immune inflammatory responses through specific pathways in macrophage 

activation. These pathways include direct effects through the induction of effector gene transcription, 

and indirect effects through the enhancement of macrophage responsiveness to inflammatory stimuli [9]. 

Thus, IFN-γ induces the expression of MHC I and II antigens, the IL-2 receptor, complement receptors 

and several cytokines in a direct way. It enhances cytotoxicity of macrophages against tumor cells and 

infectious agents through induction of reactive oxygen and nitrogen species [3]. Indirectly, IFN-γ 

augments the sensitivity of macrophages to inflammatory triggers by increasing the expression of  

Toll-like receptors (TLRs) and inducing transcription factors that are essential for expression of  

TLR-responsive genes. As a result, the TLR-induced expression of inflammatory mediators and immune 

effectors, e.g., cytokines and chemokines, is augmented after IFN-γ priming [9,10]. As already indicated, 

IFN-γ promotes antigen presentation through upregulation of MHC molecules, entailing the increased 

expression of many different genes which all contribute to the antigen presentation pathways. IFN-γ is 

particularly specialized in the regulation of class II expression by antigen-presenting cells [11]. By this 

mechanism, it provides a link between innate and adaptive immunity. With respect to MHC I antigen 

presentation, IFN-γ plays an important role in the formation of the immunoproteasome. Thus, IFN-γ 

induces replacement of the three catalytically active β subunits of the proteasome into inducible catalytic 

subunits that ensure optimal quality and quantity of the generated peptides for presentation on MHC 

class I molecules [12]. 

NK cells are important sources of IFN-γ, particularly when stimulated with IL-12 and IL-18 [13,14]. 

In addition, IFN-γ is an enhancer of cytotoxic NK cell activity [15–18]. Accordingly, NK cells are 

defective in IFN-γ-deficient mice [19,20]. Of note, IFN-γ is the most potent inducer of IL-18 binding 

protein, a significant inhibitor of IL-18 [21]. By this regulatory function, IFN-γ induces a negative 

feedback pathway in inflammatory processes, also affecting its own production by NK cells. In B cells, 

IFN-γ acts directly on the secretion of antibodies by regulating the Ig class switching from IgM to a 

downstream isotype [11]. 

2.2. Modulation of T Helper and Regulatory T Cell Responses 

T helper (Th) cells are central players in the IFN-γ network cascades. They serve as important sources 

of IFN-γ, and their development is profoundly affected by the cytokine. Th cells are categorized 

depending on a set of polarizing cytokines, a particular cytokine production profile and relatively unique 

master gene regulators. Although commitment of Th cell lineages was originally seen as a unidirectional 

process of terminal differentiation, recent findings indicate that these processes are plastic and reversible, 

with important implications for autoimmune and autoinflammatory diseases [22]. IFN-γ and IL-2 are 

characteristic cytokine products of the Th1 population, while IL-4 is a marker of the Th2 lineage (Figure 1). 
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Figure 1. Polarization of T helper cell subsets and regulatory T cells. Naïve T cells (left) 

differentiate into different T helper (Th) lineages (Th1, Th2, and Th17) and regulatory T 

(Treg) cells. This polarization is stimulated or counteracted by different cytokine signals 

(indicated respectively by blue arrows and red lines). IL-12 and IFN-γ stimulate the 

development of Th1 cells, with T-Bet as master transcription factor. Th1 cells mainly 

produce IFN-γ and IL-2. IL-4 and IL-6 induce Th2 polarization. Th2 cells have Gata3 as 

major gene regulator, and predominantly produce IL-4, IL-5 and IL-13. TGF-β induces Th17 

polarization when combined with IL-6, while IL-23 is required for Th17 differentiation. 

Signature products of Th17 cells are IL-17 and IL-22, while their master gene regulator is 

RORγt. In the absence of IL-6 or IL-23, TGF-β induces Treg cell formation, with FoxP3 as 

major transcription factor and IL-10 and TGF-β as major products. IFN-γ inhibits Th2 and 

Th17 cell polarization and stimulates Treg cell development under specific inflammatory 

conditions, while IL-4 suppresses Th1 and Th17 differentiation. 

Differentiation towards Th1 cells is mainly induced by IL-12, but IFN-γ accelerates and enhances 

these effects. IL-4 and IL-6 are important inducers of Th2 cell formation. Thus, both IFN-γ and IL-4 

auto-amplify responses of their producer T cell subgroup. Furthermore, IFN-γ and IL-4 are potent 

antagonists, cross-inhibiting differentiation and function of Th2 and Th1 cells [10,11]. In the early 2000s, 

an additional Th cell subgroup, the so-called Th17 population, was identified by the production of  

IL-17 [23]. Th17 cells were shown to be important for host defense against extracellular bacteria and 

yeasts, by promoting granulopoiesis, neutrophil infiltration and neutrophil activation. The Th17 subset 

is very heterogeneous and plastic. In contrast to Th1 and Th2 cells, which are induced by their own 

products, polarization of naïve T cells towards Th17 cells is not mediated by IL-17. IL-6 in combination 

with low concentrations of transforming growth factor (TGF)-β cooperate to induce Th17 cell 

differentiation, while IL-23 is needed downstream to stimulate proliferation and cytokine production [22,24]. 

Both IFN-γ and IL-4 inhibit polarization towards Th17 cells [24]. However, the relationship between 
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Th17 and Th1 cells and between their signature products IL-17 and IFN-γ as opponents is complicated 

by the observation of IL-17/IFN-γ double-positive cells [25,26]. Elevated amounts of these cells can be 

detected in chronic inflammatory disorders, although their exact role in disease pathogenesis remains 

unclear. Finally, another T cell lineage, the regulatory T (Treg) cell subset, exerts important  

anti-inflammatory functions, e.g., restraining effector T cells, suppressing Th1, Th2 and Th17 cells, 

producing the anti-inflammatory IL-10 and maintaining homeostasis. Their development is induced by 

high concentrations of TGF-β, in the absence of proinflammatory cytokines such as IL-6 and IL-23. In 

certain inflammatory contexts, like experimental autoimmune encephalomyelitis (EAE) and  

collagen-induced arthritis (CIA), models for multiple sclerosis (MS) and rheumatoid arthritis (RA) 

respectively, IFN-γ favors regulatory over effector differentiation by stimulating Treg cell expansion [7]. 

As a consequence, it suppresses the formation of Th1 cells in an indirect negative feedback loop [10,22]. 

However, development of Treg cells proceeds normally in the absence of IFN-γ under several  

conditions [27]. Of note, IFN-γ indirectly promotes Treg development through the induction of 

indoleamine 2,3-dioxygenase (IDO), an immunomodulatory enzyme which catalyzes the degradation of 

tryptophan to kynurenine [28,29]. Furthermore, Koch et al. demonstrated that IFN-γ induced the 

expression of T-bet in FoxP3+ cells, representing a novel subset of Treg cells that dampens Th1 cell 

responses [30]. 

The mechanism by which IFN-γ regulates T cell immune circuits is not restricted to the modulation 

of Th cell commitment. Indeed, IFN-γ was demonstrated to be essential for the termination of immune 

responses by inducing apoptotic cell death in the T cell compartment in conditions of chronic 

inflammation with prolonged antigen stimulation and responses to self-antigens [31,32]. 

2.3. Influence on Chemokine Production and Attenuation of Tissue Destruction 

Chemokines are produced by a variety of cells so as to attract specific immune cells. IFN-γ upregulates 

the expression of several chemokines, such as IFN-inducible protein (IP)-10 and monocyte chemoattractant 

protein (MCP)-1, as well as adhesion molecules, including intercellular adhesion molecule (ICAM)-1 

and vascular cell adhesion molecule (VCAM)-1. These molecules specifically orchestrate the attraction 

of mononuclear cells to the inflammation spot [4]. Conversely, neutrophil attracting chemokine 

production is generally inhibited by IFN-γ [8]. 

Acute as well as chronic immune reactions cause collateral damage to the host, certainly when these 

reactions are not restrained in an appropriate way. IFN-γ precisely regulates the balance between 

clearance of pathogens and attenuation of inflammation-associated tissue damage. IFN-γ confines tissue 

damage by inhibiting the production of tissue-destructive factors, including matrix metalloproteinases, 

serine proteases and complement components [10]. Furthermore, tissue infiltration of neutrophils and 

monocytes is repressed by IFN-γ via several mechanisms: first, myelopoiesis and granulopoiesis are 

attenuated; secondly, neutrophil-attracting chemokine production is inhibited; and thirdly, cellular 

responsiveness to chemokines is altered by IFN-γ. Also, IFN-γ reduces damage in bone tissue as it 

suppresses formation of osteoclasts [7,8,10]. 
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2.4. Recombinant IFN-γ as Therapy in Mycobacterial Infections 

As indicated above, IFN-γ is indispensable in the immune defense against intracellular pathogens. 

Patients and mice with mutations in IFN-γ pathway genes are extremely susceptible for mycobacterial 

disease [5]. Therefore, recombinant IFN-γ is a conceivable treatment option for tuberculosis. Although 

previous clinical trials showed only moderate results, more studies are now conducted in different patient 

subgroups and with other routes of administration. Indeed, the results strongly depend on a combination 

of factors, including the dose, route and timing of drug administration, the immune status of the host and 

the type of infection [33]. 

3. Interferon-γ in Autoinflammation: Focus on Systemic Juvenile Idiopathic Arthritis 

Autoinflammatory syndromes are characterized by episodes of seemingly unprovoked recurrent 

inflammatory attacks of an innate immune nature. In contrast to the traditionally defined autoimmune 

disorders, autoinflammatory diseases lack high-titer auto-antibodies or autoreactive T cells [34]. Systemic 

juvenile idiopathic arthritis (sJIA) is an example of such a disease, in which excessive activation of 

innate immune pathways dominates the inflammatory responses. A cytokine storm plays a signature role 

in the syndrome, as symptoms can be explained by the high levels of proinflammatory cytokines such 

as IL-6 and IL-18. Controversy exists, however, on the role of IFN-γ in sJIA [35]. In this section, we 

provide an overview of the pathogenesis of sJIA and its complication macrophage activation syndrome 

(MAS). We further elaborate on a recently developed CFA-induced mouse model of sJIA in which a 

protective role was assigned to IFN-γ and compare the model with findings from other CFA-induced 

experimental models as well as mouse models of MAS. 

3.1. Pathogenesis of Systemic Juvenile Idiopathic Arthritis and Current Treatment Recommendations 

Systemic juvenile idiopathic arthritis (sJIA), originally described by George Frederic Still in 1897 [36] 

and formerly known as systemic juvenile rheumatoid arthritis, systemic juvenile chronic arthritis, or 

Still’s disease, is a perplexing childhood disorder. The disease is classified as a subtype of juvenile 

idiopathic arthritis (JIA), a heterogeneous group of diseases defined by persistent arthritis of unknown 

origin that starts before the age of 16 and continues for at least 6 weeks [37]. JIA is the most common 

chronic rheumatic syndrome in childhood, with an incidence and prevalence that approximate to 10 and 

100 cases per 100,000 children, respectively [38–40]. Based on the number of joints involved and the 

presence of extra-articular symptoms, the International League of Associations for Rheumatology 

(ILAR) classified JIA into seven different, mutually exclusive categories, of which oligoarticular  

and polyarticular JIA are the most common [37,38]. sJIA constitutes ~10% of all cases of JIA seen in 

North America and Europe, with a yearly incidence of ~0.8 cases per 100,000 children. Although sJIA 

can present at any time during childhood, a broad peak in the age of presentation was observed  

between 0 and 5 years, with 2 years of age most commonly reported [41]. Both sexes are equally  

affected [37,39,40]. Although classified as a subtype of JIA, symptoms are specific and different from 

those of other forms of childhood arthritis. According to the definition set by the ILAR [37], sJIA is 

characterized by arthritis in one or more joints, together with quotidian fever for at least 2 weeks, and 

accompanied by evanescent erythematous rash, generalized lymph node enlargement, hepatomegaly, 
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splenomegaly and/or serositis. Exclusions from the sJIA diagnosis are made when other characteristic 

symptoms, like psoriasis or enthesitis, are encountered [37]. sJIA knows a highly variable presentation 

and course, with arthritis sometimes not developing until weeks to months after the first systemic signs. 

In general, systemic symptoms overshadow arthritis; the patients feel very ill and frequently develop 

weight loss [35,42,43]. It is therefore difficult to correctly diagnose sJIA: symptoms overlap with other 

conditions and the presentation differs substantially between patients. Although no specific laboratory 

tests exist for sJIA, the majority of patients has a typical pattern of systemic inflammatory markers. 

Characteristic abnormalities are high levels of C-reactive protein (CRP), high erythrocyte sedimentation 

rates (ESR), neutrophilia, thrombocytosis, and hypochromic normo- or microcytic anemia [42,43]. 

Autoantibodies are uncommon, but raised levels of polyclonal immunoglobins are repeatedly 

demonstrated. Elevated levels of ferritin and D-dimers are often seen, together with high levels of 

proinflammatory cytokines and chemokines [42,43]. Table 2 provides a detailed overview of generally 

described symptoms of sJIA. 

The etiology of sJIA is largely unknown. Although infections are suspected as triggers, the absence 

of consistent seasonality and the low frequency in family members indicate that an infection is just one 

possible trigger among many others. One thought is that sJIA is initiated in children with a genetic 

susceptibility by infectious agents that are normally encountered during childhood. Once initiated, genetic 

polymorphisms contribute to the excessive reaction of the immune system. Associations with many genes 

have been described, supporting the idea that sJIA is multigenic and that different alleles are involved in 

the genetic predisposition [35,42–44]. In a first genomewide association study of sJIA, inherited risk 

factors were found within the class II human leukocyte antigen (HLA) locus [45,46]. Also, polymorphisms 

in non-HLA genes, e.g., in the promoter and genes encoding tumor necrosis factor (TNF)-α, the IL-1 

family, IL-6 or IL-10, have repeatedly been described to be associated with sJIA [47–51]. Together, the 

associated polymorphisms in genes related to both innate and adaptive immunity demonstrate that sJIA 

is a complex disorder, suggesting contribution of both autoimmunity and autoinflammation. Of note, the 

presence of autoantibodies, autoreactive T cells or autoantigens has so far not been reported. 

Though accounting for only 10% of the overall JIA prevalence, sJIA is responsible for most of the 

mortality seen in the disease group. An important cause of the high morbidity and mortality is its 

association with MAS, a life-threatening complication of several chronic childhood diseases which was 

first described in 1983 in association with sJIA [35,52]. MAS is characterized by excessive activation 

and/or expansion of T cells and macrophages, resulting in an overwhelming systemic inflammatory 

reaction and cytokine storm [53]. The overall clinical presentation of MAS includes an acute illness with 

unremitting high fever, hepatosplenomegaly, lymphadenopathy and mental status changes. Due to 

abnormalities in the coagulation profile, patients may have mucosal bleedings and purpura, resembling 

disseminated intravascular coagulopathy. Hallmark laboratory abnormalities are decreased blood cell 

numbers, i.e., leukopenia, thrombocytopenia and anemia, highly elevated ferritin levels and elevated 

serum liver enzymes. A sudden fall in ESR despite persistently high CRP is also a distinctive  

feature. Triglycerides and lactate dehydrogenase levels are usually elevated, while sodium levels are 

depressed [53–55]. Symptoms of MAS overlap substantially with those of sJIA, making the recognition 

challenging. Several features, like lymphadenopathy and organomegaly, are common between the 

disorders. Other symptoms of MAS may be masked at first by the underlying sJIA symptoms.  

For example, blood values like platelet and neutrophil counts are increased during active sJIA, and may 
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initially return to apparent normal levels during an MAS episode. As a result, changes only become 

evident at the late stage of the syndrome [53]. Table 2 provides an overview of MAS symptoms in a 

sJIA background. A pathognomonic feature of MAS is the appearance of hemophagocytic macrophages, 

i.e., well-differentiated macrophages that engulf cells of hematopoietic origin [53]. Whether these 

macrophages are cause or consequence of the symptoms, and whether they exert a proinflammatory or 

rather a protective role in the disease, is still subject of investigations, but they serve as diagnostic 

markers [56]. The finding of prominent hemophagocytic activity by overactivated macrophages in 

patient bone marrow aspirates led to the term “macrophage activation syndrome” [57]. It is now widely 

acknowledged that the disease is a subtype of the hemophagocytic lymphohistiocytosis (HLH) 

syndromes [58], in which hemophagocytic macrophages are commonly demonstrated [59]. Due to the 

overlap in symptoms, sJIA and MAS are sometimes seen as the same entity within a spectrum  

of severity, with clinically unapparent MAS at one end and fulminant MAS at the other [58,60].  

The demonstration of subclinical MAS symptoms, i.e., hemophagocytosis in bone marrow aspirates of 

more than 50% of sJIA patients [61], certainly points in that direction. 

Table 2. Symptoms of sJIA and MAS in association with sJIA [35,37,39,41,42,53,54,62–67]. 

 Feature sJIA MAS 

 Incidence ~1/100,000 
~10% of sJIA 

patients 

Clinical Features 

Fever Quotidian Persistent 

Rash Evanescent Petechial/macular 

Hepatomegaly + + 

Splenomegaly + + 

Lymphadenopathy + + 

Arthritis + - 

Serositis + - 

CNS dysfunction −/+ + 

Laboratory 

Characteristics 

Neutrophil count ↑↑ ↓ 

Platelet count ↑↑ ↓ 

Anemia + + 

ESR ↑↑ Normal or ↓ 

CRP ↑ ↑ 

ALT/AST Normal or ↑ ↑↑ 

Fibrinogen ↑ ↓ 

Ferritin Normal or ↑ ↑↑ 

D-dimers ↑ ↑↑ 

sCD25 Normal or ↑ ↑↑ 

sCD163 Normal or ↑ ↑↑ 

Histopathological  

Features 

NK cell dysfunction Possible Frequent 

Hemophagocytic macrophages Possible Frequent 

+, often diagnosed; −/+, less commonly diagnosed/described; ↑↑, strong increase; ↑, increase; ↓, decrease. 

Abbreviations: ALT/AST, alanine aminotransferase/aspartate aminotransferase; CNS, central nervous system; 

CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; NK, natural killer; sCD, soluble cluster of 

differentiation; sJIA, systemic juvenile idiopathic arthritis; MAS, macrophage activation syndrome in 

association with sJIA. 
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Both sJIA and MAS require a prompt diagnosis and management. In sJIA, therapy is started with 

nonsteroidal anti-inflammatory drugs in order to temper both joint pain and systemic features. In severe 

cases, corticosteroids are frequently prescribed, although long-term treatment with these drugs should 

be avoided to minimize side effects [42]. Traditionally, disease-modifying anti-rheumatic drugs, e.g., 

methotrexate and anti-TNF blockers, were used to minimize corticosteroid treatments. These therapeutics 

have proven their efficacy in other subtypes of JIA, but limited effectiveness was obtained in  

sJIA [43,44,68]. Since ongoing research in sJIA patients supports a disease-promoting role for IL-1β 

and IL-6 [69–72], a shift in treatment recommendations has been made towards IL-1 and IL-6 blockade. 

Both anti-IL-1β antibodies (canakinumab), IL-1 receptor antagonists (anakinra) and the anti-IL-6 

receptor antibody tocilizumab were investigated in clinical trials, with promising results [73–76]. A 

subdivision of sJIA patients into subgroups was proposed based on the specific balance of IL-6 and IL-18, 

related to clinical profile, responsiveness to therapy or sensitivity to develop MAS [77]. The IL-6-dominant 

group presented mainly with arthritic symptoms, while the IL-18-dominant group seemed prone to 

develop MAS [78,79]. The subdivision based on the response to anakinra, as proposed by Gattorno and 

colleagues [80], can also be explained by an IL-1β/IL-18 dominant subgroup and an IL-6-dominant 

group [59,76]. The use of cytokine-related therapy is complex, as cytokine expression may arise in 

phases of disease and patients’ responses may alter during the disease course. In addition to cytokine-related 

therapy, other used therapeutics are cyclosporine A and thalidomide, both with moderate effectiveness 

and important side effects. Finally, autologous stem cell transplantation is considered in patients who 

have failed anti-IL-1 and anti-IL-6 treatment [42,43,81,82]. The importance of ongoing research into the 

pathogenesis of sJIA and the need for new treatment options are highlighted by the fact that a group of 

sJIA patients still fails to respond to recommended therapies or escapes after initial response [83]. 

3.2. IFN-γ in sJIA: Lessons from a New Mouse Model 

The strong macrophage-activating potential of IFN-γ led to the consideration of the cytokine as  

proinflammatory agent in both sJIA and MAS. Indeed, IFN-γ levels are vastly increased in HLH  

patients [84–88], and murine models of the inherited form of HLH point to IFN-γ as the dominant 

causative cytokine [89,90]. In sJIA, the exact role of IFN-γ is subject of discussion. Despite the high 

inflammatory status of the patients, only moderately augmented IFN-γ levels have been detected in 

plasma. This observation is in sharp contrast with the highly elevated levels of IL-18, a signature  

IFN-γ-inducing cytokine [80,84]. Furthermore, de Jager and colleagues reported a defective IFN-γ 

production by NK cells of sJIA patients upon stimulation with IL-18 [91] and microarray analysis 

demonstrated an absence of IFN-γ -induced gene expression in peripheral blood mononuclear cells 

(PBMCs) from active sJIA patients [84,92,93]. When stimulating PBMCs of sJIA patients in vitro with 

IFN-γ, a normal response was noted [84,94]. All these data point to a limited exposure to IFN-γ in vivo 

in sJIA, arguing against a pivotal disease-enforcing role. 

We recently described a new mouse model of systemic inflammation in IFN-γ-deficient BALB/c 

mice [20], in which symptoms correspond well to the characteristics of sJIA. The model relied on a 

single subcutaneous injection of complete Freund’s adjuvant (CFA), the most commonly used 

immunoadjuvant for the induction of experimental autoimmune diseases. CFA consists of a viscous 

emulsion of paraffin oil mixed with aqueous solutions or suspensions of antigens, and heat-killed 
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mycobacteria (Mycobacterium tuberculosis or others). When antigens are emulsified in this oily 

adjuvant, their in vivo life span is prolonged resulting in an enhanced immune response. However, even 

in the absence of autoantigen both innate and adaptive immune reactions are provoked by CFA. The 

killed mycobacterial component acts as a booster for the immune response by eliciting extensive 

myelopoiesis and by skewing the immune response towards Th1 and γδ T cells [95–97]. The CFA-induced 

inflammation occurs in the first place at the site of injection and in the draining lymph nodes, where the 

hyperplasia, architectural changes and granuloma formation resemble a primary infection with living 

mycobacteria. Systemically, CFA acts through TLR activation, induction of cytokine and chemokine 

production and enhancement of antigen uptake by antigen-presenting cells. Hematopoietic remodeling 

takes place in the spleen, with disruption of the normal splenic architecture, leukocyte proliferation and 

granuloma formation [96]. In WT BALB/c mice, CFA challenge only results in a subtle and transient 

inflammatory reaction. IFN-γ-deficient mice however present with massive splenomegaly, 

lymphadenopathy, increased cytokine expression, anemia, thrombocytosis, granulocytosis, an immature 

blood cell profile and deficient NK cell cytotoxicity, all of which correspond to sJIA symptoms. Injection 

of CFA-treated WT mice with neutralizing antibodies against IFN-γ results in a comparable syndrome, 

indicating that a transient deficiency in IFN-γ suffices to induce sJIA-like symptoms (our own 

unpublished observations). Replacement of CFA by incomplete Freund’s adjuvant (IFA, not containing 

mycobacteria particles) has only subtle effects on the immune system [20], suggesting that the 

mycobacterial components in CFA account for the powerful immune reaction to the adjuvant, 

particularly in the absence of IFN-γ. As was mentioned earlier, IFN-γ (receptor)-deficient mice are 

extremely susceptible to infection with mycobacteria [98,99]. Therefore, the protective nature of IFN-γ 

in this context may result from the use of CFA and the consequent involvement of mycobacterium 

particles. However, the remarkable low levels of IFN-γ in sJIA patients, despite high IL-18 levels, are 

indicative of a protective function for the cytokine in the disease as well. 

3.3. Comparison with CFA-Induced Experimental Autoimmune Diseases 

In contrast to autoinflammatory disorders, autoimmune diseases, such as RA and MS, are 

characterized by immune reactions against self-antigens. IFN-γ-producing Th1 cells were historically 

heralded as signature pathogenic players in the onset and progress of these diseases. However, in 

associated experimental models, endogenous IFN-γ was found to fulfill a more subtle role, either 

augmenting or suppressing autoimmunity in a context-specific manner [7,100–102]. Evidence for the 

regulatory capacities of IFN-γ came from observations in CIA and EAE [7]. Like the sJIA-like model, 

those models rely on the use of CFA in the induction procedure. In both CIA and EAE, an aggravation 

of disease symptoms was noted in mice deficient in IFN-γ or its receptor [100–102]. It is now clear that 

both disease models are Th17-mediated, and that the protective effect of IFN-γ is most likely explained 

by its suppressive capacity on the differentiation and effector functions of the Th17 cells [22,103,104]. 

This assumption has been supported by the finding that ablation of IL-17, the major product of Th17 cells, 

counteracts the disease symptoms in mice with deficient IFN-γ pathways [105–107]. Of note, disease 

attenuation by IFN-γ in CIA and EAE is probably also mediated by other protective mechanisms, like 

suppression of neutrophil infiltration and tissue-destructive enzyme production, inhibition of 

osteoclastogenesis (CIA) and induction of Treg cell development [7,10]. 
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It is an oversimplification to conclude that IFN-γ completely annihilates inflammation in RA and MS, 

as evident from results obtained in the corresponding CFA-induced mouse model. In CFA-independent 

models for RA, IFN-γ acts to enhance the inflammatory processes [98,108,109]. It is now commonly 

accepted that endogenous IFN-γ can exert both a disease-promoting and disease-mitigating role, 

depending on collateral conditions and on the time frame wherein the disease progresses [7,10,110]. 

Likewise, Th1 cells are not simply protective cell types in the diseases. A good understanding of the role 

of Th1 cells and IFN-γ in a specific autoimmune disease is advisable before considering therapeutic 

usage of antagonists of endogenous IFN-γ or of recombinant IFN-γ itself. 

3.4. Comparison with Mouse Models of MAS 

To compare the CFA-induced sJIA model with models independent of CFA, we highlight a mouse 

model covering the growth retardation seen in sJIA and two models with MAS-like features.  

Chronic inflammation or recurrent infections in children have a vast effect on the normal growth rate, 

particularly during periods of augmented disease activity [111]. Stunted growth is a major complication 

of sJIA; the excessive production of IL-6 is one of the factors held responsible. The relation between 

high levels of IL-6 and reduced growth rates was demonstrated by De Benedetti et al. in neurospecific 

enolase (NSE)/hIL-6 mice, which have excessive expression of human IL-6 cDNA in mature neuron 

and neuroendocrine cells driven by the rat NSE promoter [112]. Growth defects were noted in some of 

the generated transgenic lines, with adult mice 50%–70% the size of WT littermates. Analysis of these 

lines demonstrated high circulating levels of IL-6, due to leaky expression in organs other than the 

central nervous system. Blockade of IL-6 restored the growth rate, indicating that the defects were a 

direct consequence of increased IL-6. Although no symptoms of arthritis were reported, the model could 

be of great help to increase our understanding of the aspect of growth retardation in sJIA and other 

chronic childhood disorders characterized by growth retardation [112,113]. Strippoli et al. developed a 

mouse model of MAS by administration of different TLR ligands to these IL-6 transgene mouse lines 

that displayed stunted growth [114]. LPS injection in the transgene mice resulted in increased lethality 

and elevated serum levels of IL-1β, IL-6, IL-18 and TNF-α compared to WT mice. Ferritin and sCD25 

were increased, whereas platelet and neutrophil counts, and hemoglobin levels were significantly 

decreased. In vitro pretreatment of human macrophages with IL-6 likewise resulted in increased 

expression of cytokines when stimulated with LPS, indicating that exposure to high IL-6 levels affects 

the activation status of macrophages. This model provides insight into the development of MAS in sJIA. 

High IL-6 levels are a common feature of sJIA patients, which may partially explain the predisposition 

of sJIA patients to develop MAS after an infection. Concerning the role of IFN-γ in this model, it was 

recently described that treatment with antibodies against IFN-γ resulted in increased survival of the mice, 

assigning a proinflammatory role to the cytokine in this experimental system (abstract at the European 

Pediatric Rheumatology (PReS) Congress 2014) [115]. 

A second mouse model of MAS relies on chronic stimulation of TLR9 [116]. WT mice were given a 

series of intraperitoneal injections with CpG every two days for 10 days, resulting in pancytopenia, 

anemia, thrombocytopenia, splenomegaly, hepatitis, and hyperferritinemia. Serum levels of IL-12p70, 

IL-6, IL-10 and IFN-γ were elevated. TNF-α levels were not increased and blockade of the cytokine did 

not result in amelioration of the symptoms. Symptoms remained unchanged when only depleting NK 
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cells or CD8+ cells, while mice lacking all lymphocyte populations showed attenuation of most of the 

disease parameters with exception of hepatitis. In IFN-γ-deficient mice, anemia, thrombocytopenia and 

hepatitis were absent, and splenomegaly was reduced, suggesting a proinflammatory role for IFN-γ. 

Leukopenia and hyperferritinemia were IFN-γ-independent. Hemophagocytosis, an important MAS 

symptom, was only observed after blocking IL-10, pointing to a protective function of IL-10 in the 

syndrome. In general, disruption of IL-10 resulted in a more severe disease, indicated by the authors as 

“fulminant MAS” [117]. Mice deficient in IFN-γ in which IL-10 was ablated developed essentially the 

same symptoms as WT mice when experiencing fulminant MAS, with exception of anemia. This model 

system indicates that MAS can be initiated by a hyperactive innate immune response. The MAS-like 

syndrome consists of a spectrum of disease severity depending on the levels of the protective IL-10. In 

the more severe disease conditions, i.e., fulminant MAS, IFN-γ is not the causative agent, although 

increased levels were seen. Hemophagocytosis is associated with more severe disease, and may be part 

of a non-specific response to severe systemic inflammation, independent from the action of IFN-γ, but 

inhibited by IL-10. 

Of note, both MAS models depend on the use of TLR triggers. The mouse model of Strippoli  et al. 

indicates that chronic IL-6 exposure leads to an excessive amplification of immune responses after a 

single injection of TLR ligands [114]. In the CpG-induced model, MAS-like symptoms are provoked by 

repeated activation of TLRs [116]. 

3.5. Hypothesis 

To summarize, the exact role of IFN-γ in sJIA remains complex. As for other experimental systems 

relying on CFA in the induction procedure, the CFA-induced sJIA-like syndrome indicates a protective 

role for IFN-γ in the disease. This regulatory function was not observed in MAS models, implying that 

IFN-γ may have a different role in sJIA versus MAS. However, a direct proinflammatory role of IFN-γ 

was also questioned in the CpG-dependent “fulminant MAS” model. 

In the sJIA model, we hypothesize that the anti-inflammatory features of IFN-γ are needed to appease 

chronic inflammation elicited by CFA, by inhibiting IL-17-producing cells and stimulating NK cell 

cytotoxicity and cytokine production (Figure 2, left and middle). In humans, an unknown trigger in 

genetically predisposed children starts a cascade of reactions with excessive production of proinflammatory 

cytokines, predominantly IL-6 and IL-18 (Figure 2, right). These cytokines may impair adequate 

functioning of NK cells. Indeed, it was recently demonstrated that high levels of IL-6 are associated with 

decreased NK cell function [118]. As a consequence, NK cells are unable to kill activated immune cells 

and terminate the immune response. Also, they fail to produce sufficient amounts of IFN-γ, which under 

normal circumstance may help to end inflammatory processes, e.g., via inhibition of IL-17-producing 

Th17 cells and through induction of IL-18 binding protein. Thus, in our opinion, the cause of the 

symptoms in the mouse model and humans may differ, but inadequate termination of the immune 

response eventually leads to similar symptoms, typically encountered in sJIA. IFN-γ may be essential to 

cooperate in an appropriate termination of inflammation under certain circumstances. 
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Figure 2. Proposed disease mechanism in mice and patients, with a central protective role 

of IFN-γ. (Left) In mice, complete Freund’s adjuvant (CFA) injection results in a local and 

systemic inflammatory reaction, leading to the expression of proinflammatory cytokines by 

activated immune cells. In wild-type mice (middle), IFN-γ counteracts the production of 

these cytokines by inhibiting IL-17-producing cells and by inducing NK cell cytotoxicity. 

Triggered NK cells kill activated immune cells by the release of cytotoxic granules. In the 

absence of IFN-γ (IFN-γ-deficient mice, left), NK cell function is defective, and activated 

immune cells keep producing proinflammatory cytokines. IFN-γ-associated inhibition of IL-17 

is absent. As a consequence, the immune response is not ended properly, eventually resulting 

in typical sJIA-like symptoms; (right) In patients, an unknown trigger and genetic 

predisposition result in an excessive immune response, with high levels of proinflammatory 

cytokines, such as IL-6 and IL-18. These cytokines inhibit a proper NK cell functionality. 

As a consequence, less IFN-γ is produced and activated cells cannot be killed, resulting in 

the typical sJIA-like symptoms. Dashed arrows indicate impaired pathways. 

4. Therapeutic Potential of IFN-γ in Autoinflammatory Disorders 

The pleiotropic effects of IFN-γ and its immunomodulatory functions imply a great therapeutic 

potential. The first clinical trials with recombinant human IFN-γ were conducted in 1986, defining its 

pharmacokinetics and side effects [119]. In more recently performed clinical trials, recombinant IFN-γ 

(actimmune or IFN-γ1b) and adenovirus vectors expressing IFN-γ cDNA have been used for treatment 

of a variety of disorders, including cancer, tuberculosis, hepatitis, osteopetrosis and scleroderma [119]. 

For the treatment of autoimmune diseases, both the use of recombinant IFN-γ and antibodies against 

IFN-γ (e.g., fontolizumab) have been considered, perfectly illustrating the dual role of the cytokine in 

these disorders [120–124]. 

In the inherited forms of HLH, a pathogenic role was assigned to IFN-γ based on different animal 

models [89,90], which has led to clinical trials with a new neutralizing antibody NI-0501. A first trial, 

investigating the safety of this new antibody in healthy volunteers, has been completed 
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(ClinicalTrials.gov Identifier: NCT01459562). Clinicians are now recruiting patients with the inherited 

form of HLH for monitoring the safety and efficacy of NI-0501 and for long-term follow-up of patients 

treated with the drug (ClinicalTrials.gov Identifier: NCT01818492 and NCT02069899). 

In sJIA, IFN-γ -related therapy is not under consideration at this time. Our results in mice certainly 

demonstrate that care should be taken with neutralization of IFN-γ, as they are suggestive of a protective 

role of the cytokine in the disease. In line with these assumptions, two research groups independently 

demonstrated effective treatment of sJIA with recombinant IFN-γ [125,126]. Mild side effects were 

observed, but the authors suggested a treatment strategy which involved exogenous IFN-γ in those sJIA 

patients that resisted to other treatments. Off course, the line between sJIA and MAS seems very thin, 

and either too little or too much IFN-γ could have devastating consequences. Therefore, a task that lies 

ahead for researchers is to deepen insights into the regulatory effects of IFN-γ in the diseases. 

5. Concluding Remarks 

While the role of IFN-γ in for example tuberculosis is clearly established, the exact contribution of 

the cytokine as proinflammatory or protective agent in autoinflammation remains a subject of dispute. 

The cytokine is involved in both pro- and anti-inflammatory circuits, thereby acting as a two-edged 

sword. Its proinflammatory properties, like macrophage activation and induction of Th1 polarization, 

serve the purpose of inducing a strong immune inflammatory reaction. On the other hand, important 

anti-inflammatory functions, including inhibition of T cell proliferation and induction of apoptosis, help 

to limit an excessive immune response in chronic inflammation. It may be important to note that many 

features of endogenous IFN-γ in immune processes have been established in mice in which IFN-γ was 

knocked out or neutralized by specific antibodies, and by using experimentally induced models of 

inflammation. Therefore some of the activities of IFN-γ may be related to the use of non-primates or 

may be conditioned by induction procedures (such as CFA). A better understanding of the biological 

activities of IFN-γ in human inflammatory disorders like sJIA and MAS is required, especially if the 

aim is to use this cytokine (or its antagonist) in medical practice. A detailed analysis of the disease, the 

patient and other treatment options may thus be necessary prior to considering IFN-γ-related therapy. 

Indeed, the administration of IFN-γ in an artificial way may result in side effects when dose or location 

do not correspond to the complex in vivo situation. A similar danger concerns anti-IFN-γ therapy, as 

blockade of the protective activities of the cytokine may have a great impact on chronic inflammation. 

The therapeutic window to use IFN-γ or its antagonists in autoinflammation may be narrow, depending 

on a combination of many factors. 

Acknowledgments 

The authors thank Prof. Alfons Billiau for critical revision of the manuscript. This work was 

supported by grants from the Fund for Scientific Research-Flanders (FWO-Vlaanderen), the Regional 

Government of Flanders (GOA program) and the Interuniversity Attraction Poles (IAP). A.A. received 

a fellowship from the FWO-Vlaanderen. 

  



Pharmaceuticals 2015, 8 807 

 

 

Conflicts of Interest 

The authors declare no conflict of interests. 

References 

1. Pestka, S.; Krause, C.D.; Walter, M.R. Interferons, interferon-like cytokines, and their receptors. 

Immunol. Rev. 2004, 202, 8–32. 

2. Isaacs, A.; Lindenmann, J. Virus interference. I. The interferon. Proc. R. Soc. Lond. B Biol. Sci. 

1957, 147, 258–267. 

3. Young, H.A.; Hardy, K.J. Role of interferon-γ in immune cell regulation. J. Leukoc. Biol. 1995, 

58, 373–381. 

4. Schroder, K.; Hertzog, P.J.; Ravasi, T.; Hume, D.A. Interferon-γ: An overview of signals, 

mechanisms and functions. J. Leukoc. Biol. 2004, 75, 163–189. 

5. Zhang, S.Y.; Boisson-Dupuis, S.; Chapgier, A.; Yang, K.; Bustamante, J.; Puel, A.; Picard, C.;  

Abel, L.; Jouanguy, E.; Casanova, J.L. Inborn errors of interferon (IFN)-mediated immunity in 

humans: Insights into the respective roles of IFN-α/β, IFN-γ, and IFN-lambda in host defense. 

Immunol. Rev. 2008, 226, 29–40. 

6. Zhang, J. Yin and yang interplay of IFN-γ in inflammation and autoimmune disease.  

J. Clin. Investig. 2007, 117, 871–873. 

7. Kelchtermans, H.; Billiau, A.; Matthys, P. How interferon-γ keeps autoimmune diseases in check. 

Trends Immunol. 2008, 29, 479–486. 

8. Billiau, A.; Matthys, P. Interferon-γ: A historical perspective. Cytokine Growth Factor Rev. 2009, 

20, 97–113. 

9. Hu, X.; Herrero, C.; Li, W.P.; Antoniv, T.T.; Falck-Pedersen, E.; Koch, A.E.; Woods, J.M.;  

Haines, G.K., III; Ivashkiv, L.B. Sensitization of IFN-γ Jak-STAT signaling during macrophage 

activation. Nat. Immunol. 2002, 3, 859–866. 

10. Hu, X.; Ivashkiv, L.B. Cross-regulation of signaling pathways by interferon-γ: Implications for 

immune responses and autoimmune diseases. Immunity 2009, 31, 539–550. 

11. Boehm,U.; Klamp, T.; Groot, M.; Howard, J.C. Cellular responses to interferon-γ.  

Annu. Rev. Immunol. 1997, 15, 749–795. 

12. Basler, M.; Kirk, C.J.; Groettrup, M. The immunoproteasome in antigen processing and other 

immunological functions. Curr. Opin. Immunol. 2013, 25, 74–80. 

13. Brady, J.; Carotta, S.; Thong, R.P.; Chan, C.J.; Hayakawa, Y.; Smyth, M.J.; Nutt, S.L.The 

interactions of multiple cytokines control NK cell maturation. J. Immunol. 2010, 185, 6679–6688. 

14. Biron, C.A.; Nguyen, K.B.; Pien, G.C.; Cousens, L.P.; Salazar-Mather, T.P. Natural killer cells in 

antiviral defense: Function and regulation by innate cytokines. Annu. Rev. Immunol. 1999, 17, 

189–220. 

15. Weigent, D.A.; Langford, M.P.; Fleischmann, W.R., Jr.; Stanton, G.J. Potentiation of lymphocyte 

natural killing by mixtures of α or β interferon with recombinant γ interferon. Infect. Immun. 1983, 

40, 35–38. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Picard%20C%5BAuthor%5D&cauthor=true&cauthor_uid=19161414
http://www.ncbi.nlm.nih.gov/pubmed/?term=Abel%20L%5BAuthor%5D&cauthor=true&cauthor_uid=19161414
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jouanguy%20E%5BAuthor%5D&cauthor=true&cauthor_uid=19161414
http://www.ncbi.nlm.nih.gov/pubmed/?term=Casanova%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=19161414
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nutt%20SL%5BAuthor%5D&cauthor=true&cauthor_uid=20974986


Pharmaceuticals 2015, 8 808 

 

 

16. Senik, A.; Stefanos, S.; Kolb, J.P.; Lucero, M.; Falcoff, E. Enhancement of mouse natural killer 

cell activity by type II interferon. Ann. Immunol. 1980, 131C, 349–361. 

17. Catalona, W.J.; Ratliff, T.L.; McCool, R.E. γ-Interferon induced by S. aureus protein A augments 

natural killing and ADCC. Nature 1981, 291, 77–79. 

18. Handa, K.; Suzuki, R.; Matsui, H.; Shimizu, Y.; Kumagai, K. Natural killer (NK) cells as a 

responder to interleukin 2 (IL 2). II. IL 2-induced interferon γ production. J. Immunol. 1983, 130, 

988–992. 

19. Dalton, D.K.; Pitts-Meek, S.; Keshav, S.; Figari, I.S.; Bradley, A.; Stewart, T.A. Multiple defects 

of immune cell function in mice with disrupted interferon-γ genes. Science 1993, 259,  

1739–1742. 

20. Avau, A.; Mitera, T.; Put, S.; Put, K.; Brisse, E.; Filtjens, J.; Uyttenhove, C.; Van Snick, J.;  

Liston, A.; Leclercq, G.; et al. Systemic Juvenile Idiopathic Arthritis-like Syndrome in Mice 

Following Stimulation of the Immune System With Freund’s Complete Adjuvant: Regulation by 

Interferon-γ. Arthritis Rheumatol. 2014, 66, 1340–1351. 

21. Veenstra, K.G.; Jonak, Z.L.; Trulli, S.; Gollob, J.A. IL-12 induces monocyte IL-18 binding protein 

expression via IFN-γ. J. Immunol. 2002, 168, 2282–2287. 

22. Zhou, L.; Chong, M.M.; Littman, D.R. Plasticity of CD4+ T cell lineage differentiation. Immunity 

2009, 30, 646–655. 

23. Harrington, L.E.; Mangan, P.R.; Weaver, C.T. Expanding the effector CD4 T-cell repertoire:  

The Th17 lineage. Curr. Opin. Immunol. 2006, 18, 349–356. 

24. Korn, T.; Oukka, M.; Kuchroo, V.; Bettelli, E. Th17 cells: Effector T cells with inflammatory 

properties. Semin. Immunol. 2007, 19, 362–371. 

25. McGeachy, M.J.; Chen, Y.; Tato, C.M.; Laurence, A.; Joyce-Shaikh, B.; Blumenschein, W.M.; 

McClanahan, T.K.; O’Shea, J.J.; Cua, D.J. The interleukin 23 receptor is essential for the terminal 

differentiation of interleukin 17-producing effector T helper cells in vivo. Nat. Immunol. 2009, 10, 

314–324. 

26. Boniface, K.; Blumenschein, W.M.; Brovont-Porth, K.; McGeachy, M.J.; Basham, B.; Desai, B.; 

Pierce, R.; McClanahan, T.K.; Sadekova, S.; de Waal Malefyt, R. Human Th17 cells comprise 

heterogeneous subsets including IFN-γ-producing cells with distinct properties from the Th1 

lineage. J. Immunol. 2010, 185, 679–687. 

27. Kelchtermans, H.; De, K.B.; Mitera, T.; Van, B.M.; Bullens, D.; Billiau, A.; Leclercq, G.; Matthys, P. 

Defective CD4+CD25+ regulatory T cell functioning in collagen-induced arthritis: An important 

factor in pathogenesis, counter-regulated by endogenous IFN-γ. Arthritis Res. Ther. 2005, 7, 

R402–R415. 

28. Fatokun, A.A.; Hunt, N.H.; Ball, H.J. Indoleamine 2,3-dioxygenase 2 (IDO2) and the kynurenine 

pathway: Characteristics and potential roles in health and disease. Amino Acids 2013, 45, 1319–1329. 

29. Munn, D.H.; Mellor, A.L. Indoleamine 2,3-dioxygenase and tumor-induced tolerance. J. Clin. Investig. 

2007, 117, 1147–1154. 

30. Koch, M.A.; Tucker-Heard, G.; Perdue, N.R.; Killebrew, J.R.; Urdahl, K.B.; Campbell, D.J. The 

transcription factor T-bet controls regulatory T cell homeostasis and function during type 1 

inflammation. Nat. Immunol. 2009, 10, 595–602. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Uyttenhove%20C%5BAuthor%5D&cauthor=true&cauthor_uid=24470407
http://www.ncbi.nlm.nih.gov/pubmed/?term=Van%20Snick%20J%5BAuthor%5D&cauthor=true&cauthor_uid=24470407
http://www.ncbi.nlm.nih.gov/pubmed/?term=Liston%20A%5BAuthor%5D&cauthor=true&cauthor_uid=24470407
http://www.ncbi.nlm.nih.gov/pubmed/?term=Leclercq%20G%5BAuthor%5D&cauthor=true&cauthor_uid=24470407
http://www.ncbi.nlm.nih.gov/pubmed/?term=McClanahan%20TK%5BAuthor%5D&cauthor=true&cauthor_uid=19182808
http://www.ncbi.nlm.nih.gov/pubmed/?term=O%27Shea%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=19182808
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cua%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=19182808
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pierce%20R%5BAuthor%5D&cauthor=true&cauthor_uid=20511558
http://www.ncbi.nlm.nih.gov/pubmed/?term=McClanahan%20TK%5BAuthor%5D&cauthor=true&cauthor_uid=20511558
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sadekova%20S%5BAuthor%5D&cauthor=true&cauthor_uid=20511558
http://www.ncbi.nlm.nih.gov/pubmed/?term=de%20Waal%20Malefyt%20R%5BAuthor%5D&cauthor=true&cauthor_uid=20511558


Pharmaceuticals 2015, 8 809 

 

 

31. Refaeli, Y.; van Parijs, L.; Alexander, S.I.; Abbas, A.K. Interferon γ is required for activation-

induced death of T lymphocytes. J. Exp. Med. 2002, 196, 999–1005. 

32. Dalton, D.K.; Haynes, L.; Chu, C.Q.; Swain, S.L.; Wittmer, S. Interferon γ eliminates responding 

CD4 T cells during mycobacterial infection by inducing apoptosis of activated CD4 T cells. J. Exp. 

Med. 2000, 192, 117–122. 

33. Reljic, R. IFN-γ therapy of tuberculosis and related infections. J. Interferon Cytokine Res. 2007, 

27, 353–364. 

34. Stojanov, S.; Kastner, D.L. Familial autoinflammatory diseases: Genetics, pathogenesis and 

treatment. Curr. Opin. Rheumatol. 2005, 17, 586–599. 

35. Mellins, E.D.; Macaubas, C.; Grom, A.A. Pathogenesis of systemic juvenile idiopathic arthritis: 

Some answers, more questions. Nat. Rev. Rheumatol. 2011, 7, 416–426. 

36. Still, G.F. On a Form of Chronic Joint Disease in Children. Med. Chir. Trans. 1897, 80, 47–60. 

37. Petty, R.E.; Southwood, T.R.; Manners, P.; Baum, J.; Glass, D.N.; Goldenberg, J.; He, X.; 

Maldonado-Cocco, J.; Orozco-Alcala, J.; Prieur, A.M.; et al. International League of Associations 

for Rheumatology classification of juvenile idiopathic arthritis: Second revision, Edmonton, 2001. 

J. Rheumatol. 2004, 31, 390–392. 

38. Prakken, B.; Albani, S.; Martini, A. Juvenile idiopathic arthritis. Lancet 2011, 377, 2138–2149. 

39. Ravelli, A.; Martini, A. Juvenile idiopathic arthritis. Lancet 2007, 369, 767–778. 

40. Gowdie,P.J.; Tse,S.M. Juvenile idiopathic arthritis. Pediatr. Clin. N. Am. 2012, 59, 301–327. 

41. Behrens, E.M.; Beukelman, T.; Gallo, L.; Spangler, J.; Rosenkranz, M.; Arkachaisri, T.; Ayala, R.; 

Groh, B.; Finkel, T.H.; Cron, R.Q. Evaluation of the presentation of systemic onset juvenile 

rheumatoid arthritis: Data from the Pennsylvania Systemic Onset Juvenile Arthritis Registry 

(PASOJAR). J. Rheumatol. 2008, 35, 343–348. 

42. De Benedetti, F.; Schneider, R. Systemic juvenile idiopathic arthritis. In Textbook of Pediatric 

Rheumatology; Cassidy, J.T., Laxer, R.M., Petty, R.E., Lindsey, C.B., Eds.; Saunders: Philadelphia, 

PA, USA, 2011; pp. 236–248. 

43. Woo, P. Systemic juvenile idiopathic arthritis: Diagnosis, management, and outcome. Nat. Clin. 

Pract. Rheumatol. 2006, 2, 28–34. 

44. Sikora, K.A.; Grom, A.A. Update on the pathogenesis and treatment of systemic idiopathic 

arthritis. Curr. Opin. Pediatr. 2011, 23, 640–646. 

45. Ombrello, M.; Remmers, E.F.; Grom, A.A.; Thomson,W.; Martini, A.; Gattorno, M.; Ozen, S.;  

Gul, A.; Bohnsack, J.F.; Zeft, A.S.; et al. Systemic juvenile idiopathic arthritis is associated  

with HLA-DRB1 in Europeans and Americans of European descent. Pediatr. Rheumatol. 2012,  

10, A6, doi: 10.1186/1546-0096-10-S1-A6. 

46. Ombrello, M.; Remmers, E.F.; Grom, A.A.; Thomson, W.; Martini, A.; Gattorno, M.; Ozen, S. 

Genome-Wide Association Meta-Analysis of Eight Independent Systemic Juvenile Idiopathic 

Arthritis Collections Reveals Regional Association Spanning the Major Histocompatibility 

Complex Class II and III Gene Cluster. In Proceedings of the ACR/ARHP Annual Meeting, 

Washington, DC, USA, 9–14 November 2012; pp. S1126–S1126. 

  

http://www.ncbi.nlm.nih.gov/pubmed/?term=He%20X%5BAuthor%5D&cauthor=true&cauthor_uid=14760812
http://www.ncbi.nlm.nih.gov/pubmed/?term=Maldonado-Cocco%20J%5BAuthor%5D&cauthor=true&cauthor_uid=14760812
http://www.ncbi.nlm.nih.gov/pubmed/?term=Orozco-Alcala%20J%5BAuthor%5D&cauthor=true&cauthor_uid=14760812
http://www.ncbi.nlm.nih.gov/pubmed/?term=Prieur%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=14760812
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ayala%20R%5BAuthor%5D&cauthor=true&cauthor_uid=18085728
http://www.ncbi.nlm.nih.gov/pubmed/?term=Groh%20B%5BAuthor%5D&cauthor=true&cauthor_uid=18085728
http://www.ncbi.nlm.nih.gov/pubmed/?term=Finkel%20TH%5BAuthor%5D&cauthor=true&cauthor_uid=18085728
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cron%20RQ%5BAuthor%5D&cauthor=true&cauthor_uid=18085728
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ozen%20S%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gul%20A%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bohnsack%20JF%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zeft%20AS%5Bauth%5D


Pharmaceuticals 2015, 8 810 

 

 

47. Fishman, D.; Faulds, G.; Jeffery, R.; Mohamed-Ali, V.; Yudkin, J.S.; Humphries, S.; Woo, P. The 

effect of novel polymorphisms in the interleukin-6 (IL-6) gene on IL-6 transcription and plasma 

IL-6 levels, and an association with systemic-onset juvenile chronic arthritis. J. Clin. Investig. 

1998, 102, 1369–1376. 

48. Date, Y.; Seki, N.; Kamizono, S.; Higuchi, T.; Hirata, T.; Miyata, K.; Ohkuni, M.; Tatsuzawa, O.; 

Yokota, S.; Joo, K.; et al. Identification of a genetic risk factor for systemic juvenile rheumatoid 

arthritis in the 5ʹ-flanking region of the TNFα gene and HLA genes. Arthritis Rheum. 1999, 42, 

2577–2582. 

49. Stock, C.J.; Ogilvie, E.M.; Samuel, J.M.; Fife, M.; Lewis, C.M.; Woo, P. Comprehensive association 

study of genetic variants in the IL-1 gene family in systemic juvenile idiopathic arthritis. Genes Immun. 

2008, 9, 349–357. 

50. Ogilvie, E.M.; Fife, M.S.; Thompson, S.D.; Twine, N.; Tsoras, M.; Moroldo, M.; Fisher, S.A.; 

Lewis, C.M.; Prieur, A.-M.; Glass, D.N.; et al. The -174G allele of the interleukin-6 gene confers 

susceptibility to systemic arthritis in children: A multicenter study using simplex and multiplex 

juvenile idiopathic arthritis families. Arthritis Rheum. 2003, 48, 3202–3206. 

51. Fife, M.S.; Gutierrez, A.; Ogilvie, E.M.; Stock, C.J.; Samuel, J.M.; Thomson, W.; Mack, L.F.;  

Lewis, C.M.; Woo, P. Novel IL10 gene family associations with systemic juvenile idiopathic 

arthritis. Arthritis Res. Ther. 2006, 8, R148, doi:10.1186/ar2041. 

52. Silverman, E.D.; Miller, J.J., III; Bernstein, B.; Shafai, T. Consumption coagulopathy associated 

with systemic juvenile rheumatoid arthritis. J. Pediatr. 1983, 103, 872–876. 

53. Grom, A.A.; Mellins, E.D. Macrophage activation syndrome: Advances towards understanding 

pathogenesis. Curr. Opin. Rheumatol. 2010, 22, 561–566. 

54. Ravelli, A. Macrophage activation syndrome. Curr. Opin. Rheumatol. 2002, 14, 548–552. 

55. Canna, S.W.; Behrens, E.M. Not all hemophagocytes are created equally: Appreciating the 

heterogeneity of the hemophagocytic syndromes. Curr. Opin. Rheumatol. 2012, 24, 113–118. 

56. Vastert, S.J.; Kuis, W.; Grom, A.A. Systemic JIA: New developments in the understanding of the 

pathophysiology and therapy. Best Pract. Res. Clin. Rheumatol. 2009, 23, 655–664. 

57. Stephan, J.L.; Zeller, J.; Hubert, P.; Herbelin, C.; Dayer, J.M.; Prieur, A.M. Macrophage activation 

syndrome and rheumatic disease in childhood: A report of four new cases. Clin. Exp. Rheumatol. 

1993, 11, 451–456. 

58. Ramanan, A.V.; Grom, A.A. Does systemic-onset juvenile idiopathic arthritis belong under 

juvenile idiopathic arthritis? Rheumatology 2005, 44, 1350–1353. 

59. Grom, A.A. Macrophage activation syndrome and reactive hemophagocytic lymphohistiocytosis: 

The same entities? Curr. Opin. Rheumatol. 2003, 15, 587–590. 

60. Behrens, E.M. Macrophage activation syndrome in rheumatic disease: What is the role of the 

antigen presenting cell? Autoimmun. Rev. 2008, 7, 305–308. 

61. Behrens, E.M.; Beukelman, T.; Paessler, M.; Cron, R.Q. Occult macrophage activation syndrome 

in patients with systemic juvenile idiopathic arthritis. J. Rheumatol. 2007, 34, 1133–1138. 

62. Grom, A.A. Natural killer cell dysfunction: A common pathway in systemic-onset juvenile 

rheumatoid arthritis, macrophage activation syndrome, and hemophagocytic lymphohistiocytosis? 

Arthritis Rheum. 2004, 50, 689–698. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Ohkuni%20M%5BAuthor%5D&cauthor=true&cauthor_uid=10616003
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tatsuzawa%20O%5BAuthor%5D&cauthor=true&cauthor_uid=10616003
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yokota%20S%5BAuthor%5D&cauthor=true&cauthor_uid=10616003
http://www.ncbi.nlm.nih.gov/pubmed/?term=Joo%20K%5BAuthor%5D&cauthor=true&cauthor_uid=10616003
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mack%20LF%5BAuthor%5D&cauthor=true&cauthor_uid=16959027
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lewis%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=16959027
http://www.ncbi.nlm.nih.gov/pubmed/?term=Woo%20P%5BAuthor%5D&cauthor=true&cauthor_uid=16959027


Pharmaceuticals 2015, 8 811 

 

 

63. Jordan, M.B.; Allen, C.E.; Weitzman, S.; Filipovich, A.H.; McClain, K.L. How I treat 

hemophagocytic lymphohistiocytosis. Blood 2011, 118, 4041–4052. 

64. Janka, G.E. Familial and acquired hemophagocytic lymphohistiocytosis. Annu. Rev. Med. 2012, 

63, 233–246. 

65. Ravelli, A.; Grom, A.A.; Behrens, E.M.; Cron, R.Q. Macrophage activation syndrome as part  

of systemic juvenile idiopathic arthritis: Diagnosis, genetics, pathophysiology and treatment. 

Genes Immun. 2012, 13, 289–298. 

66. Sawhney, S.; Woo, P.; Murray, K.J. Macrophage activation syndrome: A potentially fatal 

complication of rheumatic disorders. Arch. Dis. Child. 2001, 85, 421–426. 

67. Lehmberg, K.; Pink, I.; Eulenburg, C.; Beutel, K.; Maul-Pavicic, A.; Janka, G. Differentiating 

macrophage activation syndrome in systemic juvenile idiopathic arthritis from other forms of 

hemophagocytic lymphohistiocytosis. J. Pediat. 2013, 162, 1245–1251. 

68. Quartier, P.; Taupin, P.; Bourdeaut, F.; Lemelle, I.; Pillet, P.; Bost, M.; Sibilia, J.; Koné-Paut, I.; 

Gandon-Laloum, S.; LeBideau, M.; et al. Efficacy of etanercept for the treatment of juvenile 

idiopathic arthritis according to the onset type. Arthritis Rheum. 2003, 48, 1093–1101. 

69. Pascual, V.; Allantaz, F.; Arce, E.; Punaro, M.; Banchereau, J. Role of interleukin-1 (IL-1) in the 

pathogenesis of systemic onset juvenile idiopathic arthritis and clinical response to IL-1 blockade. 

J. Exp. Med. 2005, 201, 1479–1486. 

70. Cazzola, M.; Ponchio, L.; de, B.F.; Ravelli, A.; Rosti, V.; Beguin, Y.; Invernizzi, R.; Barosi, G.; 

Martini, A. Defective iron supply for erythropoiesis and adequate endogenous erythropoietin 

production in the anemia associated with systemic-onset juvenile chronic arthritis. Blood 1996, 87, 

4824–4830. 

71. De Benedetti, F.; Meazza, C.; Oliveri, M.; Pignatti, P.; Vivarelli, M.; Alonzi, T.; Fattori, E.; 

Garrone, S.; Barreca, A, Martini, A. Effect of IL-6 on IGF binding protein-3: A study in IL-6 

transgenic mice and in patients with systemic juvenile idiopathic arthritis. Endocrinology 2001, 

142, 4818–4826. 

72. Avau, A.; Put, K.; Wouters, C.H.; Matthys, P. Cytokine balance and cytokine-driven natural killer 

cell dysfunction in systemic juvenile idiopathic arthritis. Cytokine Growth Factor Rev. 2015, 26, 

35–45. 

73. Ruperto, N.; Brunner, H.I.; Quartier, P.; Constantin, T.; Wulffraat, N.; Horneff, G.; Brik, R.;  

McCann, L.; Kasapcopur, O.; Rutkowska-Sak, L.; et al. Two randomized trials of canakinumab in 

systemic juvenile idiopathic arthritis. N. Engl. J. Med. 2012, 367, 2396–2406. 

74. Quartier, P.; Allantaz, F.; Cimaz, R.; Pillet, P.; Messiaen, C.; Bardin, C.; Bossuyt, X.; Boutten, A.; 

Bienvenu, J.; Duquesne, A.; et al. A multicentre, randomised, double-blind, placebo-controlled 

trial with the interleukin-1 receptor antagonist anakinra in patients with systemic-onset juvenile 

idiopathic arthritis (ANAJIS trial). Ann. Rheum. Dis. 2011, 70, 747–754. 

75. De Benedetti, F.; Brunner, H.I.; Ruperto, N.; Kenwright, A.; Wright, S.; Calvo, I.; Cuttica, R.; 

Ravelli, A.; Schneider, R.; Woo, P.; et al. Randomized trial of tocilizumab in systemic juvenile 

idiopathic arthritis. N. Engl. J. Med. 2012, 367, 2385–2395. 

  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Sibilia%20J%5BAuthor%5D&cauthor=true&cauthor_uid=12687553
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kon%C3%A9-Paut%20I%5BAuthor%5D&cauthor=true&cauthor_uid=12687553
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gandon-Laloum%20S%5BAuthor%5D&cauthor=true&cauthor_uid=12687553
http://www.ncbi.nlm.nih.gov/pubmed/?term=LeBideau%20M%5BAuthor%5D&cauthor=true&cauthor_uid=12687553
http://www.ncbi.nlm.nih.gov/pubmed/?term=Invernizzi%20R%5BAuthor%5D&cauthor=true&cauthor_uid=8639855
http://www.ncbi.nlm.nih.gov/pubmed/?term=Barosi%20G%5BAuthor%5D&cauthor=true&cauthor_uid=8639855
http://www.ncbi.nlm.nih.gov/pubmed/?term=Martini%20A%5BAuthor%5D&cauthor=true&cauthor_uid=8639855
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fattori%20E%5BAuthor%5D&cauthor=true&cauthor_uid=11606449
http://www.ncbi.nlm.nih.gov/pubmed/?term=Garrone%20S%5BAuthor%5D&cauthor=true&cauthor_uid=11606449
http://www.ncbi.nlm.nih.gov/pubmed/?term=Barreca%20A%5BAuthor%5D&cauthor=true&cauthor_uid=11606449
http://www.ncbi.nlm.nih.gov/pubmed/?term=Martini%20A%5BAuthor%5D&cauthor=true&cauthor_uid=11606449
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bossuyt%20X%5BAuthor%5D&cauthor=true&cauthor_uid=21173013
http://www.ncbi.nlm.nih.gov/pubmed/?term=Boutten%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21173013
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bienvenu%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21173013
http://www.ncbi.nlm.nih.gov/pubmed/?term=Duquesne%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21173013


Pharmaceuticals 2015, 8 812 

 

 

76. Woo, P.; Wilkinson, N.; Prieur, A.M.; Southwood, T.; Leone, V.; Livermore, P.; Wythe, H.; 

Thomson, D.; Kishimoto, T. Open label phase II trial of single, ascending doses of MRA in 

Caucasian children with severe systemic juvenile idiopathic arthritis: Proof of principle of the 

efficacy of IL-6 receptor blockade in this type of arthritis and demonstration of prolonged clinical 

improvement. Arthritis Res. Ther. 2005, 7, R1281–R1288. 

77. Canna, S.W. Editorial: Interferon-γ: Friend or foe in systemic juvenile idiopathic arthritis and 

adult-onset Still’s Disease? Arthritis Rheumatol. 2014, 66, 1072–1076. 

78. Shimizu,M.; Yokoyama, T.; Yamada, K.; Kaneda, H.; Wada, H.; Wada, T.; Toma, T.; Ohta, K.; 

Kasahara, Y.; Yachie, A. Distinct cytokine profiles of systemic-onset juvenile idiopathic  

arthritis-associated macrophage activation syndrome with particular emphasis on the role of 

interleukin-18 in its pathogenesis. Rheumatology 2010, 49, 1645–1653. 

79. Shimizu, M.; Nakagishi, Y.; Yachie, A. Distinct subsets of patients with systemic juvenile 

idiopathic arthritis based on their cytokine profiles. Cytokine 2013, 61, 345–348. 

80. Gattorno, M.; Piccini, A.; Lasiglie, D.; Tassi, S.; Brisca, G.; Carta, S.; Delfino, L.; Ferlito, F.;  

Pelagatti, M.A.; Caroli, F.; et al. The pattern of response to anti-interleukin-1 treatment distinguishes 

two subsets of patients with systemic-onset juvenile idiopathic arthritis. Arthritis Rheum. 2008, 58, 

1505–1515. 

81. De Kleer, I.M.; Brinkman, D.M.; Ferster, A.; Abinun, M.; Quartier, P.; van Der Net, J.;  

Ten Cate, R.; Wedderburn, L.R.; Horneff, G.; Oppermann, J.; et al. Autologous stem cell 

transplantation for refractory juvenile idiopathic arthritis: Analysis of clinical effects, mortality, 

and transplant related morbidity. Ann. Rheum. Dis. 2004, 63, 1318–1326. 

82. Wulffraat, N.M.; Brinkman, D.; Ferster, A.; Opperman, J.; ten, C.R.; Wedderburn, L.; Foster, H.; 

Abinun, M.; Prieur, A.M.; Horneff, G.; et al. Long-term follow-up of autologous stem cell 

transplantation for refractory juvenile idiopathic arthritis. Bone Marrow Transplant. 2003, 32, 

S61–S64. 

83. Sandborg, C.; Mellins, E.D. A new era in the treatment of systemic juvenile idiopathic arthritis.  

N. Engl. J. Med. 2012, 367, 2439–2440. 

84. Put, K.; Avau, A.; Brisse, E.; Mitera, T.; Put, S.; Proost, P.; Bader-Meunier, B.; Westhovens, R.;  

van den Eynde, B.J.; Orabona, C.; et al. Cytokines in systemic juvenile idiopathic arthritis  

and haemophagocytic lymphohistiocytosis: Tipping the balance between interleukin-18 and 

interferon-γ. Rheumatology 2015, 54, 1507–1517. 

85. Osugi, Y.; Hara, J.; Tagawa, S.; Takai, K.; Hosoi, G.; Matsuda, Y.; Ohta, H.; Fujisaki, H.;  

Kobayashi, M.; Sakata, N.; et al. Cytokine production regulating Th1 and Th2 cytokines in 

hemophagocytic lymphohistiocytosis. Blood 1997, 89, 4100–4103. 

86. Akashi, K.; Hayashi, S.; Gondo, H.; Mizuno, S.; Harada, M.; Tamura, K.; Yamasaki, K.;  

Shibuya, T.; Uike, N.; Okamura, T. Involvement of interferon-γ and macrophage  

colony-stimulating factor in pathogenesis of haemophagocytic lymphohistiocytosis in adults.  

Br. J. Haematol. 1994, 87, 243–250. 

87. Mazodier, K.; Marin, V.; Novick, D.; Farnarier, C.; Robitail, S.; Schleinitz, N.; Veit, V.; Paul, P.; 

Rubinstein, M.; Dinarello, C.A.; et al. Severe imbalance of IL-18/IL-18BP in patients with 

secondary hemophagocytic syndrome. Blood 2005, 106, 3483–3489. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Wythe%20H%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Thomson%20D%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kishimoto%20T%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Toma%20T%5BAuthor%5D&cauthor=true&cauthor_uid=20472718
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ohta%20K%5BAuthor%5D&cauthor=true&cauthor_uid=20472718
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kasahara%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=20472718
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yachie%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20472718
http://www.ncbi.nlm.nih.gov/pubmed/?term=Delfino%20L%5BAuthor%5D&cauthor=true&cauthor_uid=18438814
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ferlito%20F%5BAuthor%5D&cauthor=true&cauthor_uid=18438814
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pelagatti%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=18438814
http://www.ncbi.nlm.nih.gov/pubmed/?term=Caroli%20F%5BAuthor%5D&cauthor=true&cauthor_uid=18438814
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ten%20Cate%20R%5BAuthor%5D&cauthor=true&cauthor_uid=15361393
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wedderburn%20LR%5BAuthor%5D&cauthor=true&cauthor_uid=15361393
http://www.ncbi.nlm.nih.gov/pubmed/?term=Horneff%20G%5BAuthor%5D&cauthor=true&cauthor_uid=15361393
http://www.ncbi.nlm.nih.gov/pubmed/?term=Oppermann%20J%5BAuthor%5D&cauthor=true&cauthor_uid=15361393
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bader-Meunier%20B%5BAuthor%5D&cauthor=true&cauthor_uid=25767156
http://www.ncbi.nlm.nih.gov/pubmed/?term=Westhovens%20R%5BAuthor%5D&cauthor=true&cauthor_uid=25767156
http://www.ncbi.nlm.nih.gov/pubmed/?term=Van%20den%20Eynde%20BJ%5BAuthor%5D&cauthor=true&cauthor_uid=25767156
http://www.ncbi.nlm.nih.gov/pubmed/?term=Orabona%20C%5BAuthor%5D&cauthor=true&cauthor_uid=25767156
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ohta%20H%5BAuthor%5D&cauthor=true&cauthor_uid=9166851
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fujisaki%20H%5BAuthor%5D&cauthor=true&cauthor_uid=9166851
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kobayashi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9166851
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sakata%20N%5BAuthor%5D&cauthor=true&cauthor_uid=9166851
http://www.unboundmedicine.com/medline/?st=M&author=Yamasaki%20K
http://www.unboundmedicine.com/medline/?st=M&author=Shibuya%20T
http://www.unboundmedicine.com/medline/?st=M&author=Uike%20N
http://www.unboundmedicine.com/medline/?st=M&author=Okamura%20T
http://www.ncbi.nlm.nih.gov/pubmed/?term=Veit%20V%5BAuthor%5D&cauthor=true&cauthor_uid=16020503
http://www.ncbi.nlm.nih.gov/pubmed/?term=Paul%20P%5BAuthor%5D&cauthor=true&cauthor_uid=16020503
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rubinstein%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16020503
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dinarello%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=16020503


Pharmaceuticals 2015, 8 813 

 

 

88. Billiau, A.D.; Roskams, T.; van Damme-Lombaerts, R.; Matthys, P.; Wouters, C. Macrophage 

activation syndrome: Characteristic findings on liver biopsy illustrating the key role of activated, 

IFN-γ-producing lymphocytes and IL-6- and TNF-α-producing macrophages. Blood 2005, 105, 

1648–1651. 

89. Jordan, M.B.; Hildeman, D.; Kappler, J.; Marrack, P. An animal model of hemophagocytic 

lymphohistiocytosis (HLH): CD8+ T cells and interferon γ are essential for the disorder. Blood 

2004, 104, 735–743. 

90. Pachlopnik, S.J.; Ho, C.H.; Chretien, F.; Lefebvre, J.M.; Pivert, G.; Kosco-Vilbois, M.; Ferlin, W.; 

Geissmann, F.; Fischer, A.; de Saint Basile, G. Neutralization of IFNγ defeats haemophagocytosis 

in LCMV-infected perforin- and Rab27a-deficient mice. EMBO Mol. Med. 2009, 1, 112–124. 

91. De Jager, W.; Vastert, S.J.; Beekman, J.M.; Wulffraat, N.M.; Kuis, W.; Coffer, P.J.; Prakken, B.J. 

Defective phosphorylation of interleukin-18 receptor β causes impaired natural killer cell function 

in systemic-onset juvenile idiopathic arthritis. Arthritis Rheum. 2009, 60, 2782–2793. 

92. Fall, N.; Barnes, M.; Thornton, S.; Luyrink, L.; Olson, J.; Ilowite, N.T.; Gottlieb, B.S.; Griffin, T.; 

Sherry, D.D.; Thompson, S.; et al. Gene expression profiling of peripheral blood from patients 

with untreated new-onset systemic juvenile idiopathic arthritis reveals molecular heterogeneity that 

may predict macrophage activation syndrome. Arthritis Rheum. 2007, 56, 3793–3804. 

93. Ogilvie, E.M.; Khan, A.; Hubank, M.; Kellam, P.; Woo, P. Specific gene expression profiles in 

systemic juvenile idiopathic arthritis. Arthritis Rheum. 2007, 56, 1954–1965. 

94. Sikora, K.A.; Fall, N.; Thornton, S.; Grom, A.A. The limited role of interferon-γ in systemic 

juvenile idiopathic arthritis cannot be explained by cellular hyporesponsiveness. Arthritis Rheum. 

2012, 64, 3799–3808. 

95. Yoshikai, Y.; Matsuzaki, G.; Inoue, T.; Nomoto, K. An increase in number of T-cell receptor γ/δ-

bearing T cells in athymic nude mice treated with complete Freund’s adjuvants. Immunology 1990, 

70, 61–65. 

96. Billiau, A.; Matthys, P. Modes of action of Freund’s adjuvants in experimental models of 

autoimmune diseases. J. Leukoc. Biol. 2001, 70, 849–860. 

97. Janis, E.M.; Kaufmann, S.H.; Schwartz, R.H.; Pardoll, D.M. Activation of γ δ T cells in the primary 

immune response to Mycobacterium tuberculosis. Science 1989, 244, 713–716. 

98. Matthys, P.; Vermeire, K.; Mitera, T.; Heremans, H.; Huang, S.; Schols, D.; de Wolf-Peeters, C.; 

Billiau, A. Enhanced autoimmune arthritis in IFN-γ receptor-deficient mice is conditioned by 

mycobacteria in Freund’s adjuvant and by increased expansion of Mac-1+ myeloid cells.  

J. Immunol. 1999, 163, 3503–3510. 

99. Murray, P.J.; Young, R.A.; Daley, G.Q. Hematopoietic remodeling in interferon-γ-deficient mice 

infected with mycobacteria. Blood 1998, 91, 2914–2924. 

100. Vermeire, K.; Heremans, H.; Vandeputte, M.; Huang, S.; Billiau, A.; Matthys, P. Accelerated 

collagen-induced arthritis in IFN-γ receptor-deficient mice. J. Immunol. 1997, 158, 5507–5513. 

101. Manoury-Schwartz, B.; Chiocchia, G.; Bessis, N.; Abehsira-Amar, O.; Batteux, F.; Muller, S.;  

Huang, S.; Boissier, M.C.; Fournier, C. High susceptibility to collagen-induced arthritis in mice 

lacking IFN-γ receptors. J. Immunol. 1997, 158, 5501–5506. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Ferlin%20W%5BAuthor%5D&cauthor=true&cauthor_uid=20049711
http://www.ncbi.nlm.nih.gov/pubmed/?term=Geissmann%20F%5BAuthor%5D&cauthor=true&cauthor_uid=20049711
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fischer%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20049711
http://www.ncbi.nlm.nih.gov/pubmed/?term=de%20Saint%20Basile%20G%5BAuthor%5D&cauthor=true&cauthor_uid=20049711
http://www.ncbi.nlm.nih.gov/pubmed/?term=Prakken%20BJ%5BAuthor%5D&cauthor=true&cauthor_uid=19714583
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gottlieb%20BS%5BAuthor%5D&cauthor=true&cauthor_uid=17968951
http://www.ncbi.nlm.nih.gov/pubmed/?term=Griffin%20T%5BAuthor%5D&cauthor=true&cauthor_uid=17968951
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sherry%20DD%5BAuthor%5D&cauthor=true&cauthor_uid=17968951
http://www.ncbi.nlm.nih.gov/pubmed/?term=Thompson%20S%5BAuthor%5D&cauthor=true&cauthor_uid=17968951
http://www.ncbi.nlm.nih.gov/pubmed/?term=De%20Wolf-Peeters%20C%5BAuthor%5D&cauthor=true&cauthor_uid=10477624
http://www.ncbi.nlm.nih.gov/pubmed/?term=Billiau%20A%5BAuthor%5D&cauthor=true&cauthor_uid=10477624
http://www.ncbi.nlm.nih.gov/pubmed/?term=Huang%20S%5BAuthor%5D&cauthor=true&cauthor_uid=9164973
http://www.ncbi.nlm.nih.gov/pubmed/?term=Boissier%20MC%5BAuthor%5D&cauthor=true&cauthor_uid=9164973
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fournier%20C%5BAuthor%5D&cauthor=true&cauthor_uid=9164973


Pharmaceuticals 2015, 8 814 

 

 

102. Ferber, I.A.; Brocke, S.; Taylor-Edwards, C.; Ridgway, W.; Dinisco, C.; Steinman, L.; Dalton, D.; 

Fathman, C.G. Mice with a disrupted IFN-γ gene are susceptible to the induction of experimental 

autoimmune encephalomyelitis (EAE). J. Immunol. 1996, 156, 5–7. 

103. Miossec, P.; Korn, T.; Kuchroo, V.K. Interleukin-17 and type 17 helper T cells. N. Engl. J. Med. 

2009, 361, 888–898. 

104. Bettelli, E.; Oukka, M.; Kuchroo, V.K. T(H)-17 cells in the circle of immunity and autoimmunity. 

Nat. Immunol. 2007, 8, 345–350. 

105. Berghmans, N.; Nuyts, A.; Uyttenhove, C.; van Snick J.; Opdenakker, G.; Heremans, H. 

Interferon-γ orchestrates the number and function of Th17 cells in experimental autoimmune 

encephalomyelitis. J. Interferon Cytokine Res. 2011, 31, 575–587. 

106. Kelchtermans, H.; Schurgers, E.; Geboes, L.; Mitera, T.; van Damme, J.; van Snick, J.;  

Uyttenhove, C.; Matthys, P. Effector mechanisms of interleukin-17 in collagen-induced arthritis in 

the absence of interferon-γ and counteraction by interferon-γ. Arthritis Res. Ther. 2009, 11, R122, 

doi:10.1186/ar2787. 

107. Chu, C.Q.; Swart, D.; Alcorn, D.; Tocker, J.; Elkon, K.B. Interferon-γ regulates susceptibility to 

collagen-induced arthritis through suppression of interleukin-17. Arthritis Rheum. 2007, 56,  

1145–1151. 

108. Doodes, P.D.; Cao, Y.; Hamel, K.M.; Wang, Y.; Rodeghero, R.L.; Mikecz, K.; Glant, T.T.;  

Iwakura, Y.; Finnegan, A. IFN-γ regulates the requirement for IL-17 in proteoglycan-induced 

arthritis. J. Immunol. 2010, 184, 1552–1559. 

109. Matthys, P.; Lories, R.J.; De, K.B.; Heremans, H.; Luyten, F.P.; Billiau, A. Dependence on 

interferon-γ for the spontaneous occurrence of arthritis in DBA/1 mice. Arthritis Rheum. 2003, 48, 

2983–2988. 

110. Billiau, A.; Matthys, P. Collagen-induced arthritis and related animal models: How much of their 

pathogenesis is auto-immune, how much is auto-inflammatory? Cytokine Growth Factor Rev. 

2011, 22, 339–344. 

111. Marcovecchio, M.L.; Mohn, A.; Chiarelli, F. Inflammatory cytokines and growth in childhood. 

Curr. Opin. Endocrinol. Diabetes Obes. 2012, 19, 57–62. 

112. De Benedetti, F.; Alonzi, T.; Moretta, A.; Lazzaro, D.; Costa, P.; Poli, V.; Martini, A.; Ciliberto, G.; 

Fattori, E. Interleukin 6 causes growth impairment in transgenic mice through a decrease in  

insulin-like growth factor-I. A model for stunted growth in children with chronic inflammation.  

J. Clin. Investig. 1997, 99, 643–650. 

113. De Benedetti, F.; Meazza, C.; Martini, A. Role of interleukin-6 in growth failure: An animal model. 

Horm Res. 2002, 58, 24–27. 

114. Strippoli, R.; Carvello, F.; Scianaro, R.; Pasquale, L.D.; Vivarelli, M.; Petrini, S.; Bracci-Laudiero, L.; 

de Benedetti, F. Chronic exposure to interleukin-6 amplifies the response to toll-like receptor 

ligands: Implication on the pathogenesis of macrophage activation syndrome. Arthritis Rheum. 

2011, 9, 210, doi:10.1186/1546-0096-9-S1-P210. 

115. Bracaglia, C.; Caiello, I.; de Graaf, K.; D’Ario, G.; Guilhot, F.; Ferlin, W.; Melli, L.; Prencipe, G.; 

Davì, S.; Schulert, G.; et al. Interferon-γ (IFNy) in macrophage activation syndrome (MAS) 

associated with systemic juvenile idiopathic arthritis (sJIA). High levels in patients and a role in a 

murine mas model. Pediatr. Rheumatol. 2014, 12, O3, doi:10.1186/1546-0096-12-S1-O3.  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Dalton%20D%5BAuthor%5D&cauthor=true&cauthor_uid=8598493
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fathman%20CG%5BAuthor%5D&cauthor=true&cauthor_uid=8598493
http://www.ncbi.nlm.nih.gov/pubmed/?term=Van%20Snick%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21348780
http://www.ncbi.nlm.nih.gov/pubmed/?term=Van%20Damme%20J%5BAuthor%5D&cauthor=true&cauthor_uid=19686583
http://www.ncbi.nlm.nih.gov/pubmed/?term=Van%20Snick%20J%5BAuthor%5D&cauthor=true&cauthor_uid=19686583
http://www.ncbi.nlm.nih.gov/pubmed/?term=Uyttenhove%20C%5BAuthor%5D&cauthor=true&cauthor_uid=19686583
http://www.ncbi.nlm.nih.gov/pubmed/?term=Matthys%20P%5BAuthor%5D&cauthor=true&cauthor_uid=19686583
http://www.ncbi.nlm.nih.gov/pubmed/?term=Glant%20TT%5BAuthor%5D&cauthor=true&cauthor_uid=20028652
http://www.ncbi.nlm.nih.gov/pubmed/?term=Iwakura%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=20028652
http://www.ncbi.nlm.nih.gov/pubmed/?term=Finnegan%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20028652
http://www.ncbi.nlm.nih.gov/pubmed/?term=Martini%20A%5BAuthor%5D&cauthor=true&cauthor_uid=9045866
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ciliberto%20G%5BAuthor%5D&cauthor=true&cauthor_uid=9045866
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fattori%20E%5BAuthor%5D&cauthor=true&cauthor_uid=9045866
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bracci-Laudiero%20L%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=De%20Benedetti%20F%5Bauth%5D


Pharmaceuticals 2015, 8 815 

 

 

116. Behrens, E.M.; Canna, S.W.; Slade, K.; Rao, S.; Kreiger, P.A.; Paessler, M.; Kambayashi, T.; 

Koretzky, G.A. Repeated TLR9 stimulation results in macrophage activation syndrome-like 

disease in mice. J. Clin. Investig. 2011, 121, 2264–2277. 

117. Canna, S.W.; Wrobel, J.; Chu, N.; Kreiger, P.A.; Paessler, M.; Behrens, E.M. Interferon-γ mediates 

anemia but is dispensable for fulminant toll-like receptor 9-induced macrophage activation 

syndrome and hemophagocytosis. Arthritis Rheum. 2013, 65, 1764–1775. 

118. 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 Pathogenesis 

of Macrophage Activation Syndrome. Arthritis Rheumatol. 2015, 67, 3037–3046. 

119. Miller, C.H.; Maher, S.G.; Young, H.A. Clinical Use of Interferon-γ. Ann. N. Y. Acad. Sci. 2009, 

1182, 69–79. 

120. Panitch, H.S.; Hirsch, R.L.; Haley, A.S.; Johnson, K.P. Exacerbations of multiple sclerosis in 

patients treated with γ interferon. Lancet 1987, 1, 893–895. 

121. Skurkovich, S.; Boiko, A.; Beliaeva, I.; Buglak, A.; Alekseeva, T.; Smirnova, N.; Kulakova, O.; 

Tchechonin, V.; Gurova, O.; Deomina, T.; et al. Randomized study of antibodies to IFN-γ and 

TNF-α in secondary progressive multiple sclerosis. Mult. Scler. 2001, 7, 277–284. 

122. Lemmel, E.M.; Brackertz, D.; Franke, M.; Gaus, W.; Hartl, P.W.; Machalke, K.; Mielke, H.;  

Obert, H.J.; Peter, H.H.; Sieper, J.; et al. Results of a multicenter placebo-controlled double-blind 

randomized phase III clinical study of treatment of rheumatoid arthritis with recombinant 

interferon-γ. Rheumatol. Int. 1988, 8, 87–93. 

123. Schurgers, E.; Billiau, A.; Matthys, P. Collagen-induced arthritis as an animal model for 

rheumatoid arthritis: Focus on interferon-γ. J. Interferon Cytokine Res. 2011, 31, 917–926. 

124. Sigidin, Y.A.; Loukina, G.V.; Skurkovich, B.; Skurkovich, S. Randomized, double-blind trial of 

anti-interferon-γ antibodies in rheumatoid arthritis. Scand. J. Rheumatol. 2001, 30, 203–207. 

125. Coto, C.; Varela, G.; Hernandez,V.; Del Rosario, M.; Lopez-Saura, P. Use of recombinant 

interferon γ in pediatric patients with advanced juvenile chronic arthritis. Biotherapy 1998, 11, 15–20. 

126. Pernice, W.; Schuchmann, L.; Dippell, J.; Suschke, J.; Vogel, P.; Truckenbrodt, H.; Schindera, F.; 

Humburg, C.; Brzoska, J.Therapy for systemic juvenile rheumatoid arthritis with γ-interferon: A 

pilot study of nine patients. Arthritis Rheum. 1989, 32, 643–646. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Kambayashi%20T%5BAuthor%5D&cauthor=true&cauthor_uid=21576823
http://www.ncbi.nlm.nih.gov/pubmed/?term=Koretzky%20GA%5BAuthor%5D&cauthor=true&cauthor_uid=21576823
http://www.ncbi.nlm.nih.gov/pubmed/?term=De%20Benedetti%20F%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Strippoli%20R%5BAuthor%5D&cauthor=true&cauthor_uid=26251193
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kulakova%20O%5BAuthor%5D&cauthor=true&cauthor_uid=11724442
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tchechonin%20V%5BAuthor%5D&cauthor=true&cauthor_uid=11724442
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gurova%20O%5BAuthor%5D&cauthor=true&cauthor_uid=11724442
http://www.ncbi.nlm.nih.gov/pubmed/?term=Deomina%20T%5BAuthor%5D&cauthor=true&cauthor_uid=11724442
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mielke%20H%5BAuthor%5D&cauthor=true&cauthor_uid=3135572
http://www.ncbi.nlm.nih.gov/pubmed/?term=Obert%20HJ%5BAuthor%5D&cauthor=true&cauthor_uid=3135572
http://www.ncbi.nlm.nih.gov/pubmed/?term=Peter%20HH%5BAuthor%5D&cauthor=true&cauthor_uid=3135572
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sieper%20J%5BAuthor%5D&cauthor=true&cauthor_uid=3135572
http://www.ncbi.nlm.nih.gov/pubmed/?term=Schindera%20F%5BAuthor%5D&cauthor=true&cauthor_uid=2497750
http://www.ncbi.nlm.nih.gov/pubmed/?term=Humburg%20C%5BAuthor%5D&cauthor=true&cauthor_uid=2497750
http://www.ncbi.nlm.nih.gov/pubmed/?term=Brzoska%20J%5BAuthor%5D&cauthor=true&cauthor_uid=2497750

