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Abstract

Understanding of ferritin biology has traditionally centered on its role in iron storage and 
homeostasis, with low ferritin levels indicative of deficiency and high levels indicative of primary 
or secondary hemochromatosis. However, further work has shown that iron, redox biology and 
inflammation are inexorably linked. During infection, increased ferritin levels represent an important 
host defense mechanism that deprives bacterial growth of iron and protects immune cell function. 
It may also be protective, limiting the production of free radicals and mediating immunomodulation. 
Additionally, hyperferritinemia is a key acute-phase reactants, used by clinicians as an indication 
for therapeutic intervention, aimed at controlling inflammation in high-risk patients. One school 
of thought maintains that hyperferritinemia is an ‘innocent bystander’ biomarker of uncontrolled 
inflammation that can be used to gauge effectiveness of intervention. Other schools of thought 
maintain that ferritin induction could be a protective negative regulatory loop. Others maintain that 
ferritin is a key mediator of immune dysregulation, especially in extreme hyperferritinemia, via direct 
immune-suppressive and pro-inflammatory effects. There is a clear need for further investigation 
of the role of ferritin in uncontrolled inflammatory conditions both as a biomarker and mediator of 
disease because its occurrence identifies patients with high mortality risk and its resolution predicts 
their improved survival.
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Introduction

Iron is an essential component of hemoproteins, the princi-
ple proteins of oxygen transport in the cytochrome system of 
the electron transport chain, liver metabolism in cytochrome 
p450s, as well as myoglobin and hemoglobin. As such, main-
taining physiologic levels of iron is essential with deficiency 
leading to impairment of oxidative phosphorylation, oxygen 
delivery and subsequent metabolic failure. However, toxicity is 
also possible. In excess, iron can generate toxic free radicals 
via the Fenton reaction that directly damage cellular proteins, 
lipids and nucleic acids. Figure 1 illustrates this reaction, where 
in the presence of hydrogen peroxide—an occasional, but 
potentially damaging byproduct of aerobic metabolism—fer-
rous iron (Fe2+) is oxidized to ferric (Fe3+), producing a hydroxyl 
radical and hydroxide ion. Subsequently, iron metabolism is 
tightly regulated and actively sequestered by cells, in part by 
ferritin molecules to limit induced oxidative stress.

Beyond this protective role in redox biology and iron 
homeostasis, free serum ferritin is increased in the setting of 
ongoing inflammation. The precise mechanisms of its induc-
tion and downstream effects are the principle topic of this 
review and likely represent both protective and damaging 
responses. Evidence supports a role for ferritin in modulating 

the immune response, via its induction of anti-inflammatory 
cytokines and limitation of free radical damage. Alternatively, 
emerging work suggests a potential causative role for ferritin 
in the inflammatory pathology of disease including rheumato-
logic, immunologic, malignant and infectious disorders where 
levels not only track disease activity but may be primary in 
pathology and are predictive of outcome.

Ferritin in iron homeostasis

In humans, dietary iron is taken up in two forms: (i) organic 
heme from meat sources transported by heme carrier 
protein 1 (HCP1) and (ii) in inorganic iron transported by 
divalent metal transporter 1 (DMT1) (1). Once they are 
absorbed into the bloodstream, transferrin binds two iron 
molecules with extremely high affinity and chaperones 
their transport in the blood. By complexing with transfer-
rin receptors (TFR1 or TFR2), iron is then able to cross the 
plasma membrane in receptor-mediated endocytosis (2). 
In the cytosol, a small fraction of intracellular iron is main-
tained in the labile iron pool, while the majority is utilized 
in enzymes or sequestered in ferritin to prevent iron-medi-
ated oxidative damage.
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Ferritin itself is a shell protein that sequesters iron in its 
core. The shell is composed of 24 subunits in variable ratios 
of heavy and light chain ferritin encoded by the FTH and FTL 
genes, respectively. The FTH/FTL ratio is tissue- and context-
specific, and dynamically regulated, with FTH becoming more 
abundant in settings of inflammation. Although incompletely 
understood, this process is likely related to differential FTH/FTL 
activity; both types store iron, but FTL does so more readily 
and is more abundant in tissues like spleen and liver. Its heavy 
chain counterpart, found predominantly in the heart and kid-
ney, has increased ferroxidase activity, converting ferrous Fe2+ 
iron into the inert ferric 3+ form, quenching oxidative stress. 
Although FTL stores iron more efficiently, at least one FTH sub-
unit is required for iron loading into the ferritin shell, and it is 
likely that all ferritin multimers contain some of each form (3).

These macromolecules are tremendously efficient stor-
age devices: a single ferritin molecule can contain up 4500 
molecules of iron and its synthesis is finely tuned to iron lev-
els through a series of feedback loops. Both FTH and FTL 
mRNA contain an iron response element (IRE) in their 5′ 
untranslated region (UTR), a regulatory stem–loop structure 
that when bound by iron regulatory proteins 1 or 2 (IRP1 or 
IRP2) suppresses mRNA translation. IRP affinity for the IRE is 
increased in settings of low iron, subsequently suppressing 
ferritin translation (4). Conversely, in the presence of elevated 
iron levels, IRP1 and IRP2 do not bind IRE as readily and fer-
ritin mRNA synthesis is increased (2).

Expression of the relative ratios of FTH and FTL subunits 
is influenced by the inflammatory milieu. Cytokines and par-
acrine signaling molecules such as nitrogen monoxide (NO) 
increase the relative FTH content and impact IRE–IRP bind-
ing directly. Additionally, they can modulate ferritin expres-
sion through IRE-independent mechanisms discussed in 
more detail later (5–8).

On a cellular level, macrophages act as a major iron sink 
by directly phagocytizing senescent red blood cells (9, 10). 
This homeostatic function is particularly relevant in conditions 
of ongoing inflammation where red blood cells have a limited 
half-life and fragments are more abundant. In vitro, treatment 
with TNF-α and IL-1α has been directly shown to shorten 
RBC half-life (11). In vivo, septic patients have changes in 
RBC membrane composition (12, 13) and intracellular cal-
cium concentration (14), with effects on RBC deformational 
capacity and rheology (15). External to the RBC, increased 
cellular adhesion molecule expression, endothelial activation 
and decreased NO availability contribute to microcirculatory 
disruption and decreased RBC lifespan (16). All of these 
increase the need for macrophage-mediated RBC and hemo-
globin turnover.

When human macrophages are treated with free hemo-
globin, they engulf hemoglobin–haptoglobin complexes via 

CD163 and subsequent receptor-mediated endocytosis, trig-
gering a transcriptional antioxidant response that increases 
ferritin content (17). A schematic representation of this pro-
cess is shown in Fig. 2. This may be clinically relevant in situ-
ations of red cell lysis, where free hemoglobin is released into 
the blood stream, limiting lipid peroxidation. Heme is then 
recycled by heme oxygenase 1 (HMOX1), an evolutionarily 
conserved enzyme that cleaves the protoporphyrin heme-
ring, releasing biliverdin, carbon monoxide and labile Fe (18). 
Ferritin then sequesters free iron, preventing hemoglobin-
mediated generation of free radicals (10). Macrophages are 
then capable of releasing iron through ferroportin (Slc40a1) 
as substrate for cellular recycling in erythropoiesis (9, 19, 20), 
and tissue healing (21). This process is particularly important 
in endothelial cell health, because of the high concentration 
of heme molecules in the vascular space and the proximity of 
macrophages to the endothelium.

As such, ferritin synthesis is regulated by various oxidant 
and antioxidant stimuli such as glutathione, NO and other 
reactive oxygen species (22). Perturbation of this homeo-
static function has been implicated in the disease pathology 
of vascular diseases such as diabetes mellitus (23) and ath-
erosclerosis (24, 25).

Heavy chain ferritin during inflammation

At the level of the organism, ferritin protects the host during 
active infection, limiting the availability of iron to pathogens 
(26–28). In fact, oral iron supplementation during infec-
tion increases mortality in humans (29) and hypoferremia 
and elevated serum ferritin is common in human popula-
tions exposed to high pathogen loads (30). These labora-
tory abnormalities can be induced experimentally in mice by 
injection of IL-1α or TNF-α (31), cytokines with known effects 
on macrophage iron uptake, storage and recirculation. M1 
(classically activated) macrophages induced via treatment 
with INF-γ profoundly change their iron handling phenotype: 
lowering IRP binding activity, increasing FTH expression, 
lowering their labile iron pool and decreasing Slc40a1, as 
they are actively secreting other pro-inflammatory mediators 
such as TNF-α (32, 33). Similarly, Seifert et al. have shown an 
increase in macrophage synthesis of FTH in co-culture with 
pathogens (34). This simultaneously limits free iron available 
to pathogens while minimizing oxidative stress.

Regulation of ferritin synthesis is cytokine responsive at 
both the transcriptional and translational level in a variety of 
cells including mesenchymal cells, hepatocytes, monocytes 
and macrophages (19, 35, 36). TNF-α- and IL-1α-treated 
fibroblasts have been shown to increase the FTH fraction in an 
NF-κB-dependent manner through an IRP/IRE-independent 
mechanism (19, 37, 38). Likewise, IL-1β has been shown 
to increase FTH expression in hepatocytes, binding to an 
enhancer region 70 bp from the start codon (39, 40).

Similar effects have been seen in macrophages, where 
INF-γ activated U937 cells treated with TNF-α also induced 
FTH mRNA expression (7). Nrf2, a basic leucine zipper tran-
scription factor that regulates antioxidant protein expression, 
is recruited to the antioxidant responsive element (ARE) in 
the FTH promoter region, stimulating its transcription (41). 
IL-1β has also been shown to have a direct effect on a 5′ 

Fig. 1.  The Fenton redox reaction. Ferrous Fe2+ iron is readily convert-
ible into ferric 3+ iron, along with the production of free hydroxyl radi-
cals and hydroxide anion. These free radicals become a source of 
cellular oxidative stress, damaging DNA, lipids and proteins. Ferritin 
molecules help sequester this free iron, preventing its participation in 
this reaction and subsequent free radical-mediated cellular damage.
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translational regulatory element rich in G and C content and 
shared among other acute-phase reactants such as hap-
toglobin and α1-antitrypsin (42). This may offer significant 
protective advantage, as oxidizing agent, and inflammatory 
cytokine-induced FTH becomes more abundant during times 
of active immunologic response, thereby limiting ongoing iron-
mediated free radical damage. A summary of transcriptional 
and translational control of FTH expression is shown in Fig. 3.

Sources of serum ferritin in inflammation

Serum ferritin is a well-known acute-phase reactant, with 
levels that mirror the degree of acute and chronic inflamma-
tion in infectious, rheumatologic, hematologic and malignant 
disease. In general, serum ferritin has a high ratio of FTL to 
FTH and is frequently glycosylated, unlike intracellular ferri-
tin (43). The FTL subunit contains a site for N-glycosylation, 
which is thought to occur as a post-translational modification 
as the protein moves through the Golgi apparatus en route to 
its eventual secretion (44). Additionally, the relative contribu-
tions of glycosylated and non-glycosylated ferritin to serum 
levels are also altered during disease. Normally, the glyco-
sylated fraction (GF) of serum ferritin is ~50%. However, in 
adult-onset Still’s disease (AOSD), observed elevations in 
serum ferritin are accompanied by low levels of glycosylation, 
typically ≤20% (45–48). Similar decreases in GF are seen in 
cases in the setting of hemophagocytic syndromes regard-
less of etiology (49–51), drug-induced hypersensitivity reac-
tions (52, 53) and severe infections (50). However, the degree 
of glycosylation may help distinguish underlying pathol-
ogy. Suggested mechanisms for the decreased GF include 

saturation of the typical glycosylation mechanisms (46) or 
direct release from cells following inflammation-related lysis. 
Early work by Worwood et al. showed that liver damage and 
subsequent cell lysis caused decreased GF in serum ferritin 
(54), with similar changes seen in the setting of tumor lysis 
syndrome and hematologic malignancy (55, 56). However, 
neither of these explanations seem completely adequate, as 
low GF can persist in AOSD even as symptomatic disease 
activity and total serum ferritin decrease (46, 57).

Hepatocytes (42), Kupffer cells (58), proximal tubular renal 
cells (59) and macrophages (3, 60, 61) have all been shown 
to secrete ferritin in various in vivo and in vitro conditions. 
Cultured cells release ferritin into surrounding media when 
grown in the presence of IL-1β and TNF-α (42). Although 
it is unlikely that macrophages represent the sole source 
of serum ferritin, sufficient evidence exists for their role in 
its generation. Murine macrophages are known to actively 
secrete ferritin (61). Moreover, mice with macrophage-spe-
cific knockouts of IRP2 that are unable to suppress ferritin 
mRNA synthesis have elevated serum ferritin levels, whereas 
mice with IRP2 specifically knocked out in hepatocytes or 
intestinal cells do not (3).

In individuals with hereditary hyperferritinemia cataract 
syndrome, mutation in the IRE region of the FTL gene results 
in elevated serum and intracellular ferritin levels in mono-
cytes, indicating that these cells are a key source of serum 
ferritin (62). In comparison with intracellular ferritin, serum fer-
ritin is iron-poor, suggesting a role beyond iron sequestration 
for the plasma form (61).

This macrophage-mediated ferritin secretion is directly 
relevant to human disease. Active secretion of ferritin by 

Fig. 2.  Ferritin in RBC iron homeostasis. Macrophages phagocytize senescent RBCs directly, as well as taking up circulating hemoglobin–
haptoglobin complexes (Hgb–Hp) via CD163 receptor-mediated endocytosis. This allows the macrophage to recycle iron via HMOX1, where 
hemoglobin is broken down into biliverdin, carbon monoxide and the free iron of the labile iron pool. It can then be incorporated into intracellular 
ferritin, preventing the formation of toxic free radicals. Once complexed, it is then stable for storage or transport into the plasma circulation.
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macrophages is seen in recovered bronchoalveolar lavage 
fluid of smokers in the setting of smoking-related lung inflam-
mation (60). Levels of the soluble CD163 (sCD163) marker 
of activated macrophages are correlated with serum ferritin 
in individuals with AOSD or septic shock (63). Post-mortem 
immunology bone marrow specimens from individuals with 
septic shock show increased macrophage CD163 and 
activity, as well as hemophagocytosis in comparison with 
non-septic controls (64). However, the local and systemic 
mechanisms of immunomodulation that occur as a result of 
this active ferritin secretion are incompletely understood.

Immunomodulatory effects of ferritin

Ferritin as a pro-inflammatory cytokine
While ferritin levels are known to correlate with inflammatory 
activity, some postulate a direct causal role for ferritin in medi-
ating inflammatory conditions. Ruddell et al. have explored a 
causal role for ferritin in the pathology of chronic liver injury 
and cirrhosis. Their work in activated rat hepatic stellate cells 
has shown that through binding TIM-2 (T-cell immunoglobulin 
and mucin domain 2), a rat FTH receptor, ferritin may work 
as a local cytokine, activating MAPK-triggered NF-κB in an 
iron-independent manner. This leads to increased mRNA and 

protein expression of multiple pro-inflammatory mediators 
including near 100-fold increases in inducible NO synthase 
(iNOS), 50-fold increases in IL-1β and RANTES and smaller 
effects on ICAM1 (65). The relevance of these findings to 
human pathology is unknown, as TIM-2 does not have a 
known human ortholog. However, the human receptors TIM1, 
TIM3 and TIM4 have considerable sequence homology and 
as such may share similar functions (66).

Ferritin and lymphocyte modulation
In humans, T and B lymphocytes bind FTH directly, though the 
precise receptor remains unknown (36, 67). In vitro, this bind-
ing has immunosuppressive effects impairing T-cell prolifera-
tion and B-cell maturation and immunoglobulin production 
(67–69). Recent work suggests that the inhibitory functions of 
FTH are largely IL-10 mediated. In the presence of CXCL12, 
ferritin binds CXCR4 directly and induces IL-10 synthesis 
(70). This FTH-triggered IL-10 promotes regulatory T-cell dif-
ferentiation and is postulated as a mechanism for anergy 
development in tumor development and progression (71). In 
vivo, FTH inhibits the delayed-type hypersensitivity response 
(72). Other postulated mechanisms for ferritin-mediated lym-
phocyte suppression include down-regulation of CD2 (73). 
All of these may represent an important protective negative 

Fig. 3.  Schematic of transcriptional and translational regulators of FTH expression. Ferritin expression is a highly regulated process at both 
the transcriptional and translational levels. (A) At the genome level, FTH ferritin gene expression has been shown to be influenced directly by 
transcription factors responsive to inflammatory and oxidative states including NF-κB, Nrf2 and JunD. NF-κB is thought to bind to the regulatory 
region FER2. P300/CBP, JunD and Nrf2 are thought to influence gene expression through interaction with the ARE, which overlaps with the FER1 
promoter region (32–35). (B) The major post-transcriptional regulator of ferritin translation is iron, through its effects on the binding between IRP1 
and IRP2 and the IRE in its 5′ UTR (14). Additional work has shown direct effects of IL-1β on FTH mRNA translation (36).
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feedback loops, where ferritin induced by active inflammation 
and oxidizers limits adaptive immune propagation.

Ferritin in inflammatory human disease

Hyperferritinemia, regardless of the underlying pathology, 
is associated with high mortality (74–76). As a marker of 
significant macrophage activation, individuals manifest-
ing a hyperferritinemic phenotype show a typical pattern 
of reticuloendothelial system activation and multiple organ 
dysfunction (74–80). This phenotype is classically described 
in primary or familial hemophagocytic lymphohistiocytosis 
(FHLH), a recessive genetic disorder of excessive mac-
rophage activation driven by IFN-γ that results from an inabil-
ity to clear pathogen subsequent to inherited defects of CTL 
and NK cell-mediated cytolytic killing.

Presenting in infancy, FHLH is caused by homozygous 
defects of the perforin and granzyme pathways, including 
PRF1, UNC13D, STX11 and STXBP2, that impair the abil-
ity to produce, mobilize and secrete cytolytic granules by 
CTLs and NK cells—the main mechanism of clearance of 
infected cells, tumor cells and activated antigen-presenting 
cells (APCs) (81, 82). Thus, FHLH T cells and macrophages 
form an ineffective dyad, where pro-inflammatory signals 
are repeatedly amplified secondary to the impaired ability 
to clear pathogenic stimulation in a feed-forward loop of a 
cytokine storm. The result is overwhelming systemic inflam-
mation with massive cytokine induction (83).

Patients with inflammatory conditions other than FHLH can 
also present with macrophage activation syndrome (MAS), 
including viral or bacterial sepsis, systemic inflammatory 
response syndrome (SIRS), inherited immunologic disorders 
and rheumatologic disease, particularly pediatric systemic 
juvenile idiopathic arthritis (JIA) and AOSD. All are pathobio-
logically linked through a pattern of extreme hyperferritinemia 
and elevated cytokines including TNF-α, IFN-γ, IL1-β, IL-10, 
IL-12, IL-6 and M-CSF (84–86). A subset of these individuals 
will go on to develop such extreme systemic immune activa-
tion that they manifest multiple organ dysfunction and fulfill 
five of the eight diagnostic criteria: fever; splenomegaly; cyto-
penia; elevated triglycerides or decreased low fibrinogen; 
elevated ferritin; low or absent NK cell activity; hemophago-
cytosis; and increased soluble IL-2 receptor (sCD25).

In the absence of identifiable HLH-associated gene muta-
tion, these conditions are classified as reactive HLH (rHLH), 
as secondary HLH or—in the case of rheumatic disease—as 
MAS (87). Indeed, other genetic work suggests that complete 
absence of functional protein in the cytolytic pathway is not 
necessary to develop this condition, with similar patterns of 
hyper immune activation being seen in heterozygous adults 
harboring a single FHLH-associated gene mutation, occa-
sionally described as ‘hypomorphic HLH’ (88), as well as 
in those with no identifiable genetic abnormality (89). While 
FHLH is classically considered an autosomal recessive dis-
order, requiring inheritance of two aberrant gene copies at 
a single locus, the disorder may be more completely under-
stood along a spectrum of cytotoxic dysfunction. At one 
extreme lies early-onset severe autosomal recessive disease 
with complete penetrance and well-defined genetics, in the 
middle, heterozygous or ‘hypomorphic’ disease typified by 

rHLH and MAS and then at the other more complex genetic 
and likely other acquired and environmental contributions 
to disease pathology. Our own laboratory has reported the 
presence of gene mutations outside of the classic cytolytic/
granzyme pathway in patients with septic shock, extreme 
hyperferritinemia and features of MAS, classically associated 
with atypical hemolytic uremic syndrome and its ineffective 
inhibitory complement response and in the cryopyrin-asso-
ciated periodic syndrome-associated excessive inflammas-
ome response (90) that might influence the hyperferritinemic 
phenotype in immune signaling and regulation.

Work by Behrens et al. in mouse models demonstrated 
that repeated TLR9 stimulation with CpG DNA, a common 
microbial and viral damage-associated molecular pattern 
(DAMP), in the absence of infection could trigger the MAS 
phenotype, including hyperferritinemia, independently of 
lymphocytes (91). This highlights the importance of the APCs 
in MAS development and serves as a potential pathologic link 
between infectious trigger, macrophage activation and sub-
sequent hyperferritinemia. Interestingly, in this model, IL-10 
blockade led to a fulminant hemophagocytic phenotype.

CpG stimulation may play a key role in the development 
of organ injury and has been studied extensively in TLR9-
induced IL-1β-mediated liver injury (92, 93), a phenotype that 
can be rescued using IL-1 receptor antagonist (IL-1RA), which 
blocks binding of IL-1α and IL-1β to their receptor (94). TLR9 
stimulation induces inflammasome activation with positive 
feedback loop production of IL-1β and IL-18 (95). Petrasek 
et al. also showed that CpG treatment is linked to local induc-
tion of IFN-γ production (93). As discussed, both IL-1β and 
IFN-γ induce ferritin production through NF-κB signaling.

Preliminary work in an in vitro leukemic cell lines suggests 
that ferritin is capable of increasing TLR9 expression as well 
as other TLRs (95). This finding was also present clinically, 
where elevated ferritin levels were associated with increased 
expression of TLR9 on the mononuclear cells of individuals 
following allogenic bone marrow transplantation. If present in 
other pathologic settings, this could reinforce a positive feed-
back inflammation loop. Interestingly, treatment with IL-1α/β 
receptor blockade improved survival in septic-shock patients 
with features of MAS (96). Figure 4 shows a working model 
of this hypothesized role of ferritin in this process, as well as 
multiple putative therapeutic targets to interrupt the inflamma-
tory cycle including novel applications of glyburide (97), the 
small-molecule inhibitor of NLRP3 MCC950 (98) and plasma 
exchange, as well as more targeted therapy.

As hyperferritinemia in clinical medicine is ubiquitous (99), 
identified in many conditions and treated by different sub-
specialists, the proposed therapies are equally variable: in 
sepsis, source control; in rheumatologic illness, anti-inflam-
mation (100, 101); in FHLH or malignancy, cytotoxic therapy; 
and in some instances, in bone marrow transplantation (102). 
Subsequently, considerable controversy exists about the best 
therapeutic approach to hyperferritinemia-associated HLH/
MAS/sepsis multiple organ dysfunction syndrome (MODS). 
Variable proposed therapies include dexamethasone, etopo-
side, cyclosporine A, anti-thymocyte globulin (ATG), anti-
INF-γ antibody, IL-18-binding protein and IL-1α/β receptor 
blockade (103–107). Such possibilities have been explored 
with success, including the recent treatment with IL-18 
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inhibition of a case of recurrent MAS with early-onset entero-
colitis secondary to a gain of function mutation in NLRC4, 
a protein that activates the inflammasome (OMIM#616050). 
When used in combination with other immunomodulatory 
therapy, it leads to rapid resolution of hyperferritinemia, 
enterocolitis and other signs of systemic inflammation (108). 
Currently, the HLH Society recommends cytotoxic regimens, 
which have recently come into question related to the con-
siderable side effects (78, 103, 104). Concurrent work at 
developing more targeted approaches include development 
of ATG to remove the T cells or NK cells directly (104, 105) or 
anti-IFN-γ globulin to remove the soluble cytokine stimulus for 
ongoing macrophage activation (106).

Conclusions

Dynamic regulation of ferritin during normal iron metabolism is 
an essential host regulatory mechanism. Additional research 
on primary inflammatory disorders suggests that, in addition 
to this homeostatic role, ferritin may be a key marker of and 
pathogenic player in inflammatory pathology through its sign-
aling as part of the innate immune response and modulation 
of lymphocyte function. Clinical practice supports this role, 
as it can be used as both a biomarker of disease progress 
and prognosis as well as a target for therapeutic intervention. 
However, the precise mechanism by which ferritin contrib-
utes to disease in sepsis, rheumatologic, immunologic and 
malignant disorders remains elusive. We hope that this review 
highlights what is known about ferritin’s role as both marker 

for and mediator of disease pathology and that the proposed 
working models spur interest in future research.
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