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ABSTRACT

Iron is a micronutrient essential for a wide range of metabolic processes in virtually all living organisms.
During infections, a battle for iron takes place between the human host and the invading pathogens. The
liver peptide hepcidin, which is phylogenetically and structurally linked to defensins (antimicrobial pep-
tides of the innate immunity), plays a pivotal role by subtracting iron to pathogens through its seques-
tration into host cells, mainly macrophages. While this phenomenon is well studied in certain bacterial
infections, much less is known regarding viral infections. Iron metabolism also has implications on the
functionality of cells of the immune system. Once primed by the contact with antigen presenting cells,
lymphocytes need iron to sustain the metabolic burst required for mounting an effective cellular and
humoral response. The COVID-19 pandemic has boosted an amount of clinical and translational research
over the possible influences of nutrients on SARS-CoV-2 infection, in terms of either susceptibility or
clinical course. Here we review the intersections between iron metabolism and COVID-19, belonging to
the wider domain of the so-called “nutritional immunity”. A better understanding of such connections
has potential broad implications, either from a mechanistic standpoint, or for the development of more
effective strategies for managing COVID-19 and possible future pandemics.

© 2021 Elsevier Inc. All rights reserved.

Introduction

Iron is an essential micronutrient for virtually all living or-
ganisms [1], with very few exceptions including Borrelia burgdor-
feri [2] and certain lactobacilli [3]. It is needed for the synthe-
sis of heme and iron sulfur clusters, which in turn are key func-
tional components of many proteins and enzymes involved in vital
cellular processes, including oxygen transport, energy production,
and DNA synthesis. The last two decades have witnessed tremen-
dous advance in the knowledge of the pathophysiology of iron
metabolism, particularly after the discovery of hepcidin, the mas-
ter regulator of systemic iron homeostasis [4]. Hepcidin, mainly
produced by the liver, acts by binding and inactivating ferroportin
[5], the ubiquitous and only known cell membrane iron exporter
in mammalian cells [6]. Ferroportin is particularly expressed by

Abbreviations: COVID-19, coronavirus disease 2019; IQR, interquartile range;
MIS-C, multisystem inflammatory syndrome in children (MIS-C); MLA, machine
learning approaches; SARS-CoV-2, severe acute respiratory syndrome coronavirus
2; TFr1, transferrin receptor 1; TSAT, transferrin saturation; WMD, weighted mean
difference.
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iron absorbing enterocytes and by macrophages recycling iron from
phagocytosis of senescent erythrocytes [7]. In physiological condi-
tions, hepcidin production is strictly regulated in order to match
iron absorption and recycling with daily body iron losses (1-2 mg
daily) and the need of erythroid bone marrow precursors (20-25
mg/daily), respectively [8]. Of note, hepcidin also stands at the
crossroad between iron metabolism and host defense mechanisms
[9]. During infections, a competition for iron takes place between
the host and the invading pathogen [10]. Microbes use an array
of siderophores to acquire iron, while the host in turn uses dif-
ferent strategies to limit iron availability to microbes. The latter
are part of a complex repertoire of mechanisms aimed at depriv-
ing microbes of essential trace minerals (not only iron, but also
zinc and manganese), collectively termed as “nutritional immu-
nity” [11]. As a small, disulfide-stabilized cationic peptide, hepcidin
is structurally similar to defensins, a large family of antimicrobial
peptides of innate immunity mainly produced by neutrophils and
epithelial cells [12]. Hepcidin is rapidly and potently stimulated by
pro-inflammatory cytokines, particularly interleukin 6 (IL-6) [13],
leading to iron trapping into macrophages, hypoferremia, and star-
vation of invading pathogens. While hepcidin also retains some di-
rect antimicrobial activity [14], this mechanism accounts for an im-
portant indirect antimicrobial activity, and represents a major de-
terminant of the so-called anemia of inflammation [15]. Beyond
this direct involvement of hepcidin in innate immunity, it is in-
triguing to note that the HFE protein, which is part of the com-
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plex cell membrane iron sensing machinery in hepatocytes con-
trolling hepcidin production and is mutated in the majority of pa-
tients with hemochromatosis|[16], belongs to HLA family proteins
involved in antigen recognition [17]. The awareness on the multi-
ple and important intersections between iron metabolism and im-
munity has been further reinforced by the recent discovery of a
novel type of combined immunodeficiency with functional impair-
ment of both T and B lymphocytes due to mutations in TFRC [18].
Indeed, TFRC encode for the main protein involved in cellular iron
uptake, transferrin receptor 1 (TfR1). Of note, patients with TFRC
mutations shows a surprisingly mild anemia but severe childhood
infections, highlighting the requirement of intact iron transport for
proper lymphocyte function and adaptative immunity [19]. Ferro-
portin has also been recently involved in nutritional immunity,
particularly by controlling iron loading of macrophage phagosomes
during experimental challenge with several infectious agents [20].

The COVID-19 pandemic has led to a major worldwide health
crisis with multiple socioeconomical and medical aspects [21],
boosting an unprecedented expansion of research [22]. This has es-
pecially focused on the extraordinarily complex immunological re-
sponse to severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) [23-27], which is central in the pathogenesis of the widely
variable clinical manifestations of COVID-19 (see below), as well as
for the development of effective COVID-19 vaccines.

Due to the growing evidence of the importance of iron sta-
tus for immunity, it is not surprising that biomarkers of iron
metabolism have been evaluated in an array of studies on COVID-
19 patients.

Here we summarize the main results, highlighting intersections
between iron metabolism and COVID-19. A better understanding
of such connections has potential broad implications, either from
a mechanistic standpoint, or for the development of more effective
strategies for managing COVID-19 and possible future pandemics.

Iron biomarkers in severe COVID-19

SARS-CoV-2 infection is a protean condition with a wide spec-
trum of clinical manifestations [28], ranging from absence of any
symptoms [29] to a fatal disease [30]. In COVID-19 symptomatic
patients the infection is mostly mild, with no or minimal pneu-
monia reported in 81 percent [31]. Severe disease, defined as dys-
pnea with respiratory rate >30 breaths per minute and hypoxia,
or >50 percent lung involvement on imaging, has been reported
in 14 percent. In 5 percent of patients the disease become crit-
ical, with respiratory and multi-organ failure [31], and a fatality
rate at this stage as high as 49 percent [32]. The disease sever-
ity is dictated mostly by increasing age and comorbidities [33],
but genetic host factors also play a role [34,35]. Severe COVID-19
is characterized by hyperinflammation due to a marked increase
of proinflammatory cytokines [36], which, however, appears lower
than that reported in other conditions like in response to T cell
immunotherapy (the so-called true cytokine release syndrome), as
well as in patients with bacterial sepsis [37]. Nonetheless, the term
“viral sepsis” has been coined for severe COVID-19, also pointing
out the multi-systemic involvement with typical manifestations of
shock even without overt hypotension [38].

As a general note, when comparing studies on different
biomarkers in COVID-19 it is important to consider the wide het-
erogeneity of the selected clinical cases, with apparently discor-
dant results being often attributable to this point.

Serum ferritin
Ferritin is generally considered as a marker of iron stores, but

also long known as an acute phase reactant due to either transcrip-
tional or post-transcriptional regulation by pro-inflammatory cy-

tokines [39]. Thus, ferritin has been extensively studied in COVID-
19, with marked hyperferritinemia being a nearly constant find-
ing in severe disease. In clinical practice, ferritin has been also
frequently included in routine evaluation of COVID-19 at hospital
admission [40]. Several meta-analyses have evaluated the perfor-
mance of ferritin as a prognostic index in COVID-19 [41,42].

The first meta-analysis by Henry and colleagues in March 2020
evaluated 3,377 patients from 21 studies [41]. They found that
serum ferritin was significantly higher in non-survivors versus sur-
vivors, as well as in patients with severe versus non-severe dis-
ease, with weighted mean differences (WMD) of 760.2 and 408.3
pg/L, respectively. The Authors recommended the inclusion of fer-
ritin among the laboratory parameters to be closely monitored in
hospitalized patients as markers for potential progression to criti-
cal illness.

Later, Cheng and colleagues evaluated 10,614 patients from 52
studies, substantially confirming the earlier findings [42]. Serum
ferritin was significantly higher in patients with severe COVID-19
as compared to patients with mild disease, with a WMD of 397.77
(95% CI 306.51-489.02; P < .001). Ferritin was also significantly
higher in non-survivors as compared to survivors, with a WMD of
677.17 (95% CI 391.01-963.33; P < .001).

The significant association of ferritin with disease severity and
mortality was confirmed also in the comprehensive meta-analysis
by Mahat and colleagues, which included a wide array of lab-
oratory parameters [43]. Serum ferritin has been also shown as
a marker of severity in a meta-analysis restricted to children
with COVID-19 related multisystem inflammatory syndrome (MIS-
C) [44].

Altogether, these results supported the usefulness of ferritin
testing as a screening test to evaluate the presence of hyperinflam-
mation and to predict worsening and mortality in COVID-19 hospi-
talized patients.

As expected, consistent reduction of ferritin has been re-
ported in COVID-19 patients treated with anti-cytokine agents like
tocilizumab, a monoclonal antibody that targets the interleukin 6
(IL-6) receptor [45,46] and represents one of the few reliable ther-
apeutic options in critically ill COVID-19 patients [47]. In particu-
lar, Ramiro and colleagues showed that patients with ferritin levels
higher that the median value of 1,419 pg/L had the better ben-
efit from tocilizumab plus corticosteroids [46]. Despite such ro-
bust evidence, ferritin has been rarely incorporated in COVID-19
simple multiparameter prognostic scores [48], with notable excep-
tions represented by complex algorithms obtained through ma-
chine learning approaches (MLA) [49,50]. For example, Kar and
colleagues applied MLA to 1,393 hospitalized patients, obtaining a
multivariable mortality risk score that was prospectively validated
in further 977 patients [50]. Of note, of the 23 parameters that
entered the final score (available at http://20.44.39.47/covid19v2/
pagel.php), ferritin ranked in the fourth position in terms of ad-
justed hazard ratio (HR 2.48, 95% Cl 1.32-4.74; P < .005), only pre-
ceded by lactate dehydrogenase (HR 4.02, 95% CI 2.66-6.07; P <
.005) and certain comorbidities like chronic liver disease (3.95, 95%
CI 1.16-13.42; P=.02), and chronic kidney disease (HR 3.04, 95% CI
1.72-5.38; P < .005). In this MLA-based study the discriminant cut-
off for ferritin was >450 pg/L, which performed better than well-
established clinical risk factors (ie, age and cardiovascular comor-
bidities) and other inflammatory parameters like C-Reactive Pro-
tein [50].

Finally, persisting hyperferritinemia has been reported in a frac-
tion of COVID-19 up to two months after the acute infection [51].
It was closely associated with non-resolving lung pathology and
impaired physical performance. Due to the tremendous impact
of the so-called “long-COVID-19” [52,53] on public health [54],
the role of ferritin as long prognostic marker deserves further
studies.
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Possible pathophysiological meaning: Due to analogies with sec-
ondary hemophagocytic lymphohistiocytosis (sHLH) syndromes
long recognized as life-threatening hyperinflammatory and pos-
sibly fatal complication of viral infections [55], severe COVID-
19 has been included in the category of the “hyperferritine-
mic syndromes” [56-58]. Indeed, a simple “hemophagocytosis
score” including very high ferritin (>1922.58 ug/L), low platelets
(<101 x 10%/L) and high triglycerides (>2.28 mmol/L) significantly
predicted multi-organ failure and mortality in COVID-19 patients
[59].

Ferritin is a ubiquitous intracellular protein which serves to
store iron safely within its shell composed by 24 subunits of two
main types (Heavy - H- or Light - L - chains) [60]. It is present at
very low concentration in the circulation (pug/L) as compared with
transferrin, the iron transporter protein in plasma (g/L). Serum
ferritin derives essentially from macrophages through two dis-
tinct nonclassical vesicular pathways [61]. The physiological mean-
ing of circulating ferritin is unknown, as well as the meaning of
the marked increase of ferritin during the hyperinflammatory syn-
dromes. Nonetheless it has been recently demonstrated that fer-
ritin, particularly the H subunit, is able to stimulate the expression
of pro-inflammatory cytokines by macrophages (IL-18, IL-6, IL-12,
and TNF-«) and also the key inflammasome player NOD-, LRR and
pyrin domain-containing protein 3 (NLRP3) [62,63]. Thus, secreted
ferritin could act as a further pro-inflammatory enhancer, by per-
petuating a vicious pathogenic loop. Further studies are required to
confirm this interesting hypothesis (reviewed in [58]), which could
theoretically pave the way to novel therapeutic approaches.

Serum iron and transferrin saturation

While less frequently studied than ferritin, marked hypofer-
remia and low transferrin saturation (TSAT) have been consistently
reported in severe COVID-19, and associated with a worse outcome
[64-67].

In multivariate regression analysis involving a total of 308
COVID-19 patients, Hippchen and colleagues found that hypofer-
remia (serum iron concentration <6umol/l) was a significant pre-
dictor of hospitalization (area under the curve - AUC - of 0.894,
with a sensitivity of 94.7% and a specificity of 67.9%) [65]. Hos-
pitalized patients had very low TSAT (median 7% with interquar-
tile range - IQR - 5%-11%) as compared to patients with mild dis-
ease who showed only a marginal reduction (median 19% with IQR
12-28%; P < .01). Surprisingly, hypoferremia poorly correlated with
serum hepcidin, which nonetheless was increased as expected.

Similar results were reported by Shah and colleagues, who
found marked hypoferremia (median 2.3, IQR 2.2-2.5 umol/L) and
reduced TSAT (7%, IQR 6%-12%) in critically ill COVID-19 patients
requiring admission in intensive care unit (ICU) [67].

Possible pathophysiological meaning: Interestingly, both the stud-
ies mentioned above found a relationship between hypoferremia
and hypoxia in COVID-19 patients. In the study by Hippchen and
colleagues, serum iron levels were lower at hospital admission in
patients with high oxygen demand as compared to those with low
oxygen demand. Serial measurements during hospitalization fur-
ther showed an association between low serum iron and wors-
ening clinical course [65]. Using linear regression, Shah and col-
leagues found an association between serum iron and the ratio of
partial pressure arterial oxygen to fractional inspired oxygen [67],
that is the PaO,/FiO, ratio universally recognized as a major prog-
nostic factor in COVID-19 [32]. Of note, increasing evidence support
multiple interactions between iron metabolism and lung respira-
tory function [68,69], especially in hypoxemic disorders [70]. Just
as an example, it has been elegantly documented that the cellular
response to hypoxia is impaired in subjects with absolute iron de-
ficiency [71]. This could be due, at least partly, to the strict iron de-

pendency of the prolyl-hydroxylase domain (PHD) enzymes, known
as the key regulators of Hypoxia Inducible Factors (HIFs) [72]. Thus,
the marked functional iron deficiency seen in hyperinflammatory
syndromes could also impair cellular oxygen sensing, and further
contribute to a detrimental vicious circle in severe hypoxia of crit-
ically ill COVID-19 patients. Further studies are needed in this di-
rection, as functional iron deficiency is theoretically manageable by
using novel anti-hepcidin agents [73,74].

Another possible detrimental effect of marked hypoferremia is
linked to altered lymphocyte function. Indeed, upon antigen ac-
tivation either B or T lymphocytes undergo to proliferation and
requires iron to sustain a high metabolic demand [75]. As men-
tioned above, iron acquisition via TfR1 is required for B and T cell
responses [18], and recent experimental models by Frost and col-
leagues have shown that hypoferremia impairs effector and mem-
ory responses to vaccinations [76]. Noteworthy, Shah and col-
leagues found a significant association between low serum iron
and low lymphocyte count in critically ill COVID-19 patients [67].
Thus, the marked hypoferremia that seems to characterize severe
COVID-19 as compared to other critical conditions [67,77] may
contribute to worsening prognosis by impairing not only response
to hypoxia but also immune function.

Finally, it has to be taken into account that low iron status
could theoretically impair the efficacy of COVID-19 vaccination,
which remains the cornerstone to eventually control the pandemic
[78,79]. Beyond the experimental model by Frost and colleagues,
where hepcidin-induced hypoferremia blunted neutralizing anti-
body response to influenza virus vaccination [76], iron deficiency
has been found to impair response to diphtheria, pertussis, and
pneumococcal vaccines in Kenyan infants [80]. However, at present
there is insufficient evidence to make recommendations on cor-
recting iron deficiency before vaccinations. Readers interested on
this point are referred to a recent perspective [81].

Serum hepcidin

Serum hepcidin measurement represents a promising tool for
evaluating iron status, particularly in certain conditions when ab-
solute and functional iron deficiency may coexist [82,83], but it has
not yet widely implemented in clinical practice [7]. Recent studies
have documented its potential usefulness in critically ill patients,
where detecting iron deficiency is particularly difficult due to in-
flammation and multiple opposing stimuli [84]. Moreover, hepcidin
has been proven as a useful independent prognostic marker of ei-
ther poor physical recovery or mortality in ICU patients [85].

Hepcidin has been rarely measured in COVID-19 patients
[65,86,87]. As expected in severe illness with hyperinflamma-
tion, it was reported consistently high. Nai and colleagues evalu-
ated 111 hospitalized patients, the majority of whom showed an
inflammation-dependent upregulation of hepcidin levels of vari-
able degree [87]. Of note, hepcidin correlated negatively with the
Pa0,[FiO, ratio, and predicted mortality in ICU patients indepen-
dently of age, lung function, and other inflammatory biomarkers.

Such intriguing finding needs confirmation in wider cohorts, as
well as further studies should better clarify the relationship be-
tween hypoferremia and hepcidin in COVID-19. As pointed out by
Hippchen and colleagues, still unidentified hepcidin-independent
mechanisms could play an important role [65]. Finally, COVID-19
could represent a useful model to study hepcidin upregulation by
different pro-inflammatory cytokines in humans, as most of data
in this sense are derived from cellular and animal models [13,88].

Conclusions

The COVID-19 pandemic has boosted research on multiple
aspects of immunology, including nutritional immunity. Iron is
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Fig. 1. Intersections between iron metabolism and severe COVID-19, according to suggestions from studies described and referenced in the text. Marked hypoferremia has
been consistently reported in severe COVID-19, and might play a substantial role as contributing factor to a worsening clinical course. Hypoferremia is associated to the
marked increase of pro-inflammatory cytokines, including IL-6 which is a major stimulator of hepcidin production by the liver. Hepcidin contribute to hypoferremia by
inhibiting iron export from macrophages due to ferroportin internalization and degradation. Other still unknown mechanisms could contribute to hepcidin-independent
hypoferremia. Activation of macrophages can mimic hemophagocytic syndromes with marked hyperferritinemia and further contribute to the cytokine storm. The functional
iron deficiency in turn is a major determinant of the anemia of inflammation, and can alter either oxygen sensing and lymphocyte function. Altogether these mechanisms

could contribute to disease severity.

emerging as an important player to ensure an adequate immune
response, and studies on iron metabolism in COVID-19 have high-
lighted a number of interesting intersections. While several studies
have established the functional implications of the battle for iron
between bacteria, certain parasites, and the host, the scenario is
less clear in viral infections [89]. Indeed, distinct patterns of hep-
cidin and iron regulation have been reported to occur during dif-
ferent viral infections [90].

Severe COVID-19 appears to be characterized by high hepcidin
and marked functional iron deficiency, the latter being possibly re-
lated to impaired response to hypoxia and lymphocyte function.
The multiple possible functional intersection between SARS-CoV-
2 infection and iron metabolism discussed above are summarized
in Fig. 1. Assuming COVID-19 as a valuable model, further studies
are needed to better clarify the role of altered iron metabolism in
severe viral infections and hyperinflammatory syndromes, possibly
paving the way to new therapeutic approaches.
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