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Abstract

Because both the host and pathogen require iron, the innate immune response carefully 

orchestrates control over iron metabolism to limit its availability during times of infection. 

Nutritional iron deficiency can impair host immunity, while iron overload can cause oxidative 

stress to propagate harmful viral mutations. An emerging enigma is that many viruses use the 

primary gatekeeper of iron metabolism, the transferrin receptor, as a means to enter cells. Why and 

how this iron gate is a viral target for infection are the focus of this review.
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1. INTRODUCTION

Iron is essential for oxygen transport, ATP (adenosine triphosphate) production, 

mitochondrial function, DNA replication, and other vital metabolic processes. Since both 

hosts and pathogens require iron, our innate immune response includes carefully 

orchestrated control over iron metabolism to limit its availability during times of infection. 

However, too much sequestered iron can be toxic due to oxidative stress and the generation 

of free radicals that damage lipids, DNA, and other cellular constituents. Recent reviews 

have focused on how mammalian cells balance their needs for iron with strategies to limit 

overload (4, 19, 60, 75) and how iron status is lowered during the innate immune response to 

fight infection by invading microorganisms (43, 162, 164, 165). While significant advances 

have been made in our understanding of iron metabolism and homeostasis, an emerging 

enigma is that many viruses use the primary gatekeeper of iron metabolism, the transferrin 

receptor, as a means to enter cells. Why and how this iron gate is a target for viral infection 

are the focus of this review.
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2. IRON DELIVERY

Although the human body contains a total of 2–4 g of iron, only 1–2 mg of iron is absorbed 

from the diet each day (60). This small but necessary amount is sufficient to maintain losses 

caused by the turnover of gastrointestinal cells and skin epithelia, along with unregulated 

body excretions, such as sweat and tears. The balance of iron in the body is maintained by a 

high degree of conservation in its use rather than a reliance on dietary intake. While there is 

constant demand for iron to produce hemoglobin for new red blood cells, most of the supply 

is met by clearing damaged and senescent cells to liberate used iron for recycling. It has 

been estimated that about 25–30 mg of iron is turned over each day by the macrophages of 

the reticuloendothelial system. The distribution of iron between these different pools is 

carried out by transferrin (Tf) and its receptor, which mediate delivery and uptake by 

peripheral tissues (53, 68).

2.1. Transferrin

Tf is an ~80-kDa glycoprotein that binds up to two atoms of iron with very high affinity [Ka 

(association constant) ~ 1020 M–1]. It is a single chain polypeptide with two lobes (N- and 

C-terminal) that can each bind a single ferric cation (Fe3+), with carbonate as a counteranion 

(104). While Tf has two asparagine-linked glycosylation sites in the C-lobe, the 

oligosaccharides do not appear to influence Tf binding to its receptor (104). Its half-life in 

circulation is 8–10 days (15), although desialylation may enhance the protein’s clearance by 

asialoglycoprotein receptors (104). The well-defined pattern of Tf glycosylation is 

commonly used to screen individuals for congenital disorders of glycosylation (54).

Tf is produced primarily in the liver, with much lower transcript levels detected in some 

extrahepatic tissues (thymus, adrenal glands, uterus, and ovaries) (173). Its synthesis is 

modulated by iron deficiency, inflammation, and hypoxia (68). Hypotransferrinemia may be 

associated with alcoholism, hemodialysis, depression, and urinary protein loss (9). Tf is one 

of the most abundant plasma proteins (~3 mg/mL), but in healthy individuals only 20–50% 

of the available Tf binding sites have iron bound. Tf iron-binding capacity (TIBC) and 

serum iron are routine clinical laboratory measurements from which the iron saturation of Tf 

can be derived; values less than 15% denote iron deficiency, and those greater than 45% 

indicate iron overload (128). Circulating Tf concentrations are subject to diurnal variation 

(34), but in general, because TIBC is typically in excess, large and immediate increases in 

iron binding can be accommodated. These free Tf iron-binding sites are needed to help 

distribute large fluxes of iron to peripheral tissues after dietary iron absorption by the 

intestine, iron recycling after phagocytosis of red blood cells by macrophages of the 

reticuloendothelial system, and iron release from hepatic stores at times of demand, such as 

during blood loss, pregnancy, and hypoxia. The reversible binding of iron to Tf and its 

excess buffering capacity also significantly limit potentially damaging free nontransferrin- 

bound iron (NTBI) and help to maintain the metal in its ferric form under physiological pH 

and oxygen tension, conditions that would otherwise promote ferric iron oxidation and 

generate redox activity to produce free radical damage. Interestingly, individuals with 

hypotransferrinemia survive and their condition can be corrected by supplementation with 

exogenous protein (15). Also, hypotransferrinemic (Hpx) mice survive with the help of 
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transferrin injections (9). Although iron assimilation into hemoglobin is impaired by 

hypotransferrinemia, tissue iron loading occurs due to the presence of high levels of NTBI 

(154).

2.2. Transferrin Receptor-1

The major receptor for Tf is transferrin receptor-1 (TfR1), a homodimeric type II membrane 

glycoprotein (~95 kDa) that binds to and facilitates entry of its ligand into cells for the 

delivery of iron (Figure 1) (75). Also known as CD71, human TfR1 has a short cytoplasmic 

N-terminal tail (residues 1–67) with an endosomal uptake signal motif (YTRF) (29). This 

intracellular domain is also lipidated (29, 141). A single transmembrane-spanning domain 

connects to an extracellular stalk region that houses the two disulfide bonds (Cys89 and 

Cys98), covalently linking the large homodimeric ectodomains (113, 142). Extracellular O-

linked glycosylation atThr104 influences cleavage of the stalk at Arg100 (137). Cleavage at 

this site releases a circulating form of TfR1 (soluble Tf receptor) that is frequently used as a 

biomarker to assess iron status since it reflects turnover of TfR1, particularly in 

erythropoietic cells (128).

The receptor’s ectodomain binds Tf and is characterized by an apical domain, a helical 

domain, and a protease-like domain (97). The latter adopts its name due to its structural 

resemblance to carboxypeptidase II and other proteases. The N-lobe of Tf contacts this 

protease-like domain, while the C-lobe interacts with the receptor’s helical domain (65). The 

individual subunits of the receptor dimer contain one Tf binding site, yielding a 2:2 

stoichiometry for the overall complex. Each receptor subunit contains three N-linked 

glycosylation sites that influence TfR1 trafficking to the cell surface as well as Tf binding 

(172).

TfR1 binds iron-bound holo-Tf with greater affinity than iron-free apo-Tf (68, 142), and Tf 

binding to the receptor is pH dependent (104, 147). In addition, metal binding by Tf is also 

pH dependent (93). These pH-sensitive interactions enable iron delivery through the 

membrane trafficking pathway of the receptor, which carries Tf into acidic intracellular 

compartments where iron can be discharged, reduced to Fe2+, and translocated into the 

cytosol for different metabolic purposes (see Section 3). Interestingly, apo-Tf binds TfR1 

with greater affinity at low pH, enabling it to be trafficked back to the cell surface, with 

release accommodated at the extracellular neutral pH (36). TfR1 constitutively traffics with 

Tf from the cell surface to intracellular endosomal compartments and back, such that at any 

given time, only ~20% of the total cellular receptor pool appears at the cell surface (105).

TfR1 is ubiquitously expressed, with protein levels reflecting both iron utilization and 

availability. For example, erythroid cells require a large amount of iron to manufacture 

hemoglobin and have up to 106 Tf receptors (78). Most actively proliferating cells in culture 

have approximately 104 to 105 cell surface receptors to sustain their metabolic needs. In 

general, the number of cellular receptors reflects the metabolic demand for iron, such that 

levels increase with deficiency and decrease with sufficiency (68). At the cellular level, TfR1 

levels respond to fluctuating iron levels due to the activity of iron response element (IRE) 

binding proteins (IRPs) (75). IRPs bind to IREs in the 3’ untranslated region of TfR1 

messenger RNA when iron is low. Activation of RNA binding activity under these 
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conditions prevents transcript degradation and subsequently raises the level of TfR1 

expression. When iron levels increase, IRP-IRE interactions are reduced, and, consequently, 

receptor expression is lowered.

Given that Tf-deficient mice survive and even accumulate tissue iron, it is perhaps surprising 

that global deletion of the TfR1 gene in mice causes embryonic lethality (100). Tissue-

specific deletion of the receptor either in heart (170) or skeletal muscle (8) also significantly 

impairs iron metabolism. One explanation for the contrasting phenotypes of Tf- and TfR1-

deficient mice is that in the absence of Tf, NTBI is available to tissues, while in TfR1-

deficient mice, the presence of Tf makes iron much less available (154). Alternatively, TfR1 

may have functions unrelated to iron metabolism that could explain these differences. Mouse 

genetic studies have implicated iron- independent roles for TfR1 in the early development of 

the nervous system (100), maintenance of intestinal homeostasis (23), craniofacial 

development (98), and lymphocyte development (120). At the cellular level, TfR1 is 

proposed to function in T cell signaling (10, 139), NF-κB (nuclear factor κB) activation 

(90), and JNK regulation (141). A human mutation in TfR1 has been identified in patients 

with combined immunodeficiency, revealing the receptor’s indirect role in adaptive 

immunity (81).

Although classically studied as a receptor for Tf, human (but not mouse) TfR1 also has been 

characterized to bind and internalize ferritin (101). In this pathway, ferritin is released 

intracellularly and targeted for lysosomal degradation to ultimately deliver iron to cells. This 

function may play a significant part in brain iron metabolism since Tf levels are low while 

ferritin levels are high in neuronal interstitial fluid. Another reported ligand for TfR1 is 

polymeric A1 isotype immunoglobulin (pIgA1) (117). Bound pIgA1 does not compete with 

holo-Tf and potentially may be involved in signaling functions important to nephropathies 

and celiac disease (116). The unique functions of these alternative ligands and TfR1 suggest 

that there may be additional undiscovered roles for the receptor.

2.3. Transferrin Receptor-2

In 1999, Kawabata et al. (89) characterized a second Tf receptor (TfR2) that has a close 

structural relationship to TfR1 but a more restricted pattern of expression, mainly in the liver 

and erythropoietic cells (168). Like TfR1, TfR2 binds holo-Tf, but with 25-fold lower 

affinity; when Tf is bound, turnover of this receptor decreases, resulting in greater TfR2 

levels (166). Unlike for TfR1, N-linked glycosylation of the TfR2 ectodomain does not 

influence Tf binding and trafficking to the cell surface, but this modification is required for 

the stabilization of TfR2 by the ligand (178). Because of its properties, TfR2 can be thought 

of as an iron sensor, such that higher iron levels and the corresponding increase in Tf 

saturation are reflected by a greater number of TfR2s at the cell surface (84, 134). Although 

in vitro studies show that TfR2 can mediate the uptake of iron from Tf (89, 166), its reduced 

affinity for the ligand, altered intracellular trafficking with Tf, and the limited pattern of 

receptor expression suggest that its true physiological function is quite different from TfR1 

(133, 134). Both expression analyses (177) and functional studies (27) indicate that TfR2 

levels predominate over TfR1 in the liver and some other tissues, but that the larger flux of 

Tf-bound iron taken up by hepatocytes most likely proceeds through TfR1. Heterodimers 
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between TfR1 and TfR2 have been reported, but the functional consequences of such 

complexes are unclear (155). Conceptually, TfR1 can be thought of as the major player in 

the endocytic delivery of iron, while TfR2 is more analogous to a coincidence detector that 

signals the increasing iron saturation of Tf. The idea that TfR2 helps to generate a 

homeostatic signal to reflect TIBC levels is compatible with the observations that liver-

specific deletion of TfR2 in mice promotes tissue iron overload (156) and that human TfR2 

mutations are associated with the iron overload disease type 3 hereditary hemochromatosis 

(20, 51, 168). Consistent with TfR2’s role as an iron sensor, hemochromatosis patients with 

defective TfR2 have impaired responses to acute iron challenge (66).

2.4. Transferrin and Transferrin Receptor Function in Iron Homeostasis

As noted above, Tf binds iron that enters circulation via three major pathways: (a) dietary 

absorption by the intestine, (b) erythrophagocytosis and iron recycling of red blood cells, 

and (c) release from liver stores (Figure 2). In each circumstance, iron export is carried out 

by the membrane transporter ferroportin and is regulated by the liver-derived iron hormone 

hepcidin (60). Hepcidin binds to ferroportin, causing its internalization and degradation 

(122). Increased hepcidin reduces the amount of iron available to bind Tf, and, conversely, 

decreased hepcidin is associated with increased Tf saturation. Thus, the amount of iron 

bound to Tf and the amount of iron entering circulation can be coordinated through 

hepcidin.

A major element ensuring appropriate levels of hepcidin is the hereditary hemochromatosis 

protein (HFE) (61). Mutations in HFE are associated with type 1 hereditary 

hemochromatosis (49). HFE is an MHC (major histocompatibility complex) class I–like 

molecule that associates with both TfR1 and TfR2; however, its interactions with each 

receptor involve different structural domains. While the sites for Tf and HFE binding to 

TfR1 overlap (64, 65), Tf and HFE bind to independent sites on TfR2 (25). When there is 

iron surplus, increased Tf saturation promotes holo-Tf binding to TfR1 to displace HFE. 

Consequently, HFE–TfR2 interactions are enabled, especially because increased 

concentrations of holo-Tf stabilize TfR2, and HFE does not interfere with Tf binding to this 

receptor. Ultimately, increasing iron saturation of Tf confers a signal to upregulate hepcidin 

synthesis (70). It is likely that this signal involves hemojuvelin and other factors in the BMP/

SMAD signaling pathway (7, 33). The idea of a Tf iron-sensing regulatory complex is well 

supported by the known consequences of genetic alterations in HFE, hemojuvelin, and 

TfR2, which, respectively, give rise to type 1,2, and 3 hereditary hemochromatosis because 

of impaired hepcidin regulation (168). This particular role is concordant with high TfR2 

levels in the liver, the major site of hepcidin synthesis (180); other studies suggest that high 

levels of TfR2 in erythroid progenitors help to signal adaptive responses in red blood cell 

production to adjust systemic iron levels (119). Ultimately, high metabolic demand for iron 

by peripheral tissues also must be matched by endocytic delivery of Tf, which can be 

enhanced due to IRP-controlled levels of TfR1. The net result of the feedback loop is to 

reduce iron saturation and, consequently, diminish hepcidin production. In this manner, 

hepcidin and HFE help Tf to coordinate the distinct functions of both Tf receptors to 

maintain iron homeostasis (Figure 2).
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3. THE INTRACELLULAR PATHWAY FOR IRON DELIVERY

The mechanism used for intracellular membrane trafficking by the Tf–TfR1 complex is 

integral to the process of iron delivery (68). Given the high-affinity receptor binding for Tf 

(nanomolar) coupled with high circulating levels of the serum protein (50 μM), it is 

conceivable that all TfR1 receptors are fully occupied most of the time with bound ligand. 

While the internalization of most growth factor receptors is induced by ligand binding, the 

view has emerged that TfR1 is constitutively internalized with or without bound Tf (2, 160). 

However, there is limited evidence that Tf binding triggers the internalization of the receptor 

(21, 67). The receptor’s cytoplasmic domain can be phosphorylated by Src tyrosine kinase 

(82), and it has been suggested that binding of Tf is associated with the activation of Src and 

recruitment of the endocytic machinery to TfR1 to stimulate constitutive endocytosis (21). 

Such signaling functions of TfR1 remain a key area to be explored.

A crucial feature of Tf–TfR1 membrane trafficking is the acidification of the endosomal 

recycling pathway. First, the lower pH reduces the binding affinity of Tf for iron. Second, 

the deepening pH gradient induces conformational changes in TfR1 itself that promote the 

release of iron and increased affinity for apo-Tf (44). Third, the acidic milieu enhances the 

solubility of the ferric form of iron. Once released, iron can be reduced by the ferrireductase 

STEAP1 and transported across the endosomal membrane by the pH-dependent divalent 

metal transporter-1 (DMT1) or other transport proteins (118). In erythroid cells, the demand 

for iron to maintain heme biosynthesis may be met by directed delivery of Tf iron from 

endocytic vesicles into the mitochondria (143). Figure 3a summarizes features of Tf–TfR1 

membrane trafficking.

3.1. Endocytosis

TfR1 is the textbook example of the canonical clathrin-mediated endocytosis of a plasma 

transmembrane receptor (112). Its cytoplasmic domain contains a well-recognized tyrosine-

based motif (YXXϕ) that directs endocytic membrane traffic. The recognition of this signal 

motif and the clustering of receptors at the surface of the plasma membrane into clathrin-

coated pits (46) is aided by sorting interactions with clathrin adaptor protein-2 (AP-2) (30, 

115). Erythroid cells, which have high levels of TfR1, utilize an additional clathrin adaptor 

called PICALM (phosphatidylino- sitol binding clathrin assembly lymphoid myeloid 

leukemia) for Tf endocytosis (80). Both global knockout and conditional knockdown of 

PICALM in mice result in anemia. Genome-wide association studies have linked 

polymorphisms in PICALM to Alzheimer’s disease (73), but associations with human iron 

deficiency or overload diseases have yet to be reported. In a mouse model of polycythemia 

vera, red blood cell production was suppressed by Picalm deletion, suggesting new strategies 

to control Tf endocytosis that could block iron uptake when necessary (80).

Both AP-2 and PICALM bind phosphatidylinositol-4,5-bisphosphate (PIP2) (39, 80, 112). 

These endocytic factors cooperate to assemble clathrin at the membrane surface, sorting 

cargo into invaginating clathrin-coated membrane domains. Live cell imaging shows that 

fluorescently labeled Tf colocalizes with newly formed clathrin-coated areas within 15 

seconds of their formation (46). Clathrin-coated pits of the plasma membrane eventually bud 

off vesicles with the help of dynamin, a GTPase (guanosine triphosphatase) that mediates 
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the scission event to form the intracellular vesicle (30). These vesicles shed their clathrin 

coats rapidly and fuse with early endosomes (30, 92). The appearance of Tf in this 

compartment occurs with a half-life of 2 minutes, as TfR1 rapidly moves into the 

intracellular endolysosomal pathway (110).

Early endosomal vesicles are identified by the presence of Rab5, a low-molecular-weight 

GTPase that mediates homotypic membrane fusion. Rab GTPases, such as Rab5, coordinate 

vectorial membrane traffic between intracellular compartments, and they interact with 

numerous effectors of lipid metabolism to enable targeted membrane fusion coupled to 

appropriate protein sorting (157). For example, lipid remodeling by the 

phosphatidylinositol-3-kinase (PI3K)–Vps34–Vps15 complex is activated by Rab5, 

increasing membrane levels of phosphatidylinositol-3-phosphate (PI3P), which, in turn, 

helps to recruit early endosome associated antigen-1 (EEA1). EEA1 couples vesicle docking 

with membrane fusion machinery to direct homotypic membrane fusion between early 

endocytic vesicles and endosomes (26, 157).

Early endosomes are acidified by vacuolar H+-ATPase (V-ATPase), which is an electrogenic 

proton pump. The lower pH of these intracellular organelles promotes the dissociation of 

ligands—such as low-density lipoprotein- or mannose-6-phosphate-containing hydrolases—

from their receptors and supports the recycling of unoccupied receptors to the cell surface 

(111). In contrast, cargo iron is released from Tf at low pH, with apo-Tf remaining bound to 

its receptor for return to the cell surface (44). Because of the importance of endosomal 

acidification in iron delivery, inhibitors of V-ATPase, such as bafilomycin A1, disrupt this 

process (176).

3.2. Recycling

TfR1 constitutively recycles between the cell surface and intracellular compartments in 

contrast to growth factor receptors that become downregulated by trafficking to late 

endosomal and lysosomal compartments. Geometrical sorting within endosomes helps to 

return the Tf–TfR1 complex to the plasma membrane (110). There are at least two different 

pathways for TfR1 recycling: a rapid pathway directed by Rab4, and a Rab4/Rab11-

mediated slow pathway that involves further trafficking through the endosomal recycling 

compartment. Colocalization and trafficking experiments have shown that DMT1 also 

moves through similar intracellular compartments, suggesting that iron release from Tf at 

low pH is functionally coupled to its transport into and out of sorting and recycling 

endosomes (152).

The recycling of both TfR1 (108, 146) and DMT1 (152) is sensitive to wortmannin, a PI3 

kinase inhibitor. These observations indicate that lipid-mediated sorting events must occur to 

return the iron transport machinery to the cell surface. The recycling of membrane proteins 

from intracellular compartments to the cell surface involves a multimolecular complex called 

retromer (83). Retromer is thought to recognize returning cargo molecules with the help of 

sorting nexins (SNXs) (31). A conceptual framework for these events is that SNXs interact 

with PI3P to help identify receptors and couple their retrieval by the retromer complex. 

Structural studies confirm that the DMT1 recycling signal is situated at the interface between 

sorting nexin-3 (SNX3) and subunits of the retromer complex (103). In addition to DMT1 
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recycling, SNX3 also retrieves TfR1 (24). The suppression of SNX3 impairs iron delivery, 

with Tf accumulation in early endosomes. SNX3 is highly expressed in developing red 

blood cells, suggesting a critical role in erythroid development and hematopoiesis (24). It 

also has been shown that sorting nexin-4 (SNX4) is important for endosomal sorting and 

retrieval of TfR1 (153). Traer et al. (153) postulated that SNX4 is involved in sorting 

interactions that deliver TfR1 targeted by the slower route to recycling endosomes, from 

which the second sorting event must occur to deliver the receptor to the plasma membrane. 

While the fast recycling route may be regulated by the Rab4 GTPase, the slow or indirect 

pathway through the endosomal recycling compartment appears to involve both Rab4 and 

Rab11 (110, 157). These two GTPases have been shown to interact with D-AKAP2 (dual-

specific A kinase anchoring protein-2) in a manner that regulates TfR1 trafficking through 

the recycling compartment and perhaps directs the receptor to the most appropriate pathway 

(slow or fast) for return to the cell surface (45).

Whether originating from rapid or slow recycling compartments, vesicles that contain TfR1 

must tether to and fuse with the plasma membrane, a process that involves another complex 

of proteins called the exocyst (151). A mutation in one member of the exocyst complex, 

Sec15l1, promotes hypochromic anemia in Hbd mice (102, 167). The Hbd mutation disrupts 

the rapid trafficking pathway of TfR1 recycling to the cell surface, but does not impair the 

delivery of iron to cells (62). Thus, iron must be released at some point earlier in Tf–TfR1’s 

journey through the endocytic pathway. The final arrival of the apo-Tf–TfR1 complex at the 

plasma membrane completes this process in which the ligand–receptor complex can 

dissociate due to the neutral pH of the extracellular milieu (36) or competitive displacement 

by holo-Tf (99), or both.

3.3. Cellular Destinations for Iron

Once iron enters into the cell, it can be transferred to mitochondria for heme or Fe–S cluster 

synthesis, used as cofactor for many essential redox-active enzymes, or stored into ferritin as 

a supply for future metabolic demands (75, 118, 132). The amount of free iron composing 

the labile iron pool in most cells is in the micromolar range. The labile iron pool is limited to 

reduce the risk of iron toxicity, and it appears to be controlled by the chaperones poly-C 

binding protein-1 and −2 (PCBP1 and PCBP2), which have been reported to transfer iron 

from DMT1 (171) and deliver it to ferritin (144). Other chaperone-like factors include 

glutaredoxins, which are involved in Fe–S cluster assembly and that help to deliver iron to 

mitochondria and nonheme enzymes in the cytosol (129). PCBP2 activity also has been 

implicated in the export of iron from cells by ferroportin (171).

Since iron in excess of metabolic needs remains stored in ferritin, an immediate supply can 

be liberated under times of duress (for example, during nutritional deprivation, hemolytic 

anemia, or hypoxia induced by high altitude). Recent evidence indicates that stress-induced 

microautophagy of ferritin enables the release of iron within the acidic endolysosomal 

system (6). Ferritinophagy is mediated by the autophagic cargo receptor nuclear 

coactivator-4 (NCOA4), which binds to ferritin and targets its uptake by autophagosomes 

that then fuse with lysosomes for degradation and the release of iron (14, 41, 106, 138). This 

nutrient recycling mechanism may allow apo-Tf to recapture iron within the intracellular 
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trafficking pathway for release to systemic circulation. Such reverse transport could be 

particularly important in the liver where ~ 10gof iron is stored in ferritin and where Tf 

synthesis occurs. In the absence of Tf, there is some evidence that constitutively recycling 

receptors are more susceptible to higher rates of proteolysis. The degradation of TfR1 occurs 

in the lysosome after receptor ubiquitinylation (55) and in an iron-dependent manner that 

contributes to maintaining receptor levels in response to iron status (150).

4. THE TRANSFERRIN RECEPTOR-1 ENDOCYTIC PATHWAY AND VIRAL 

ENTRY

Although individual viruses have different mechanisms of invasion, a primary initiating 

event involves interactions with a receptor or set of plasma membrane surface markers that 

enable the pathogen to identify its targeted host. TfR1 is one of the more highly expressed 

plasma membrane components, making it an attractive target for the virus to initiate host cell 

infection. Subsequent events in the infection process lead to the fusion of the virion with the 

cell membrane in order to unleash its replication machinery. Sometimes this process occurs 

at the cell surface, but more often the reorganization of viral capsid proteins must be 

triggered by uptake into the endolysosomal pathway, where pH-induced structural 

rearrangements can be accommodated. For these reasons, TfR1 also represents an ideal 

portal for viruses to enter cells. An emerging body of evidence indicates that it is exploited 

by a number of different pathogens as summarized below and depicted in Figure 3b.

4.1. Mechanism of Viral Invasion

It has been documented that multiple viruses recognize and bind TfR1 to target the 

endosomal compartment. Most cells have a metabolic pool of receptors available and ready 

to bind capsid factors to initiate viral invasion. The efficient process of clathrin-dependent 

coat assembly is promoted by TfR1’s cytoplasmic endocytic motif (32). Factors such as 

PICALMmay even further expedite this process (80). By co-opting the TfR1 endocytic 

pathway, the viral particle can be brought into the cell as cargo to enable pH-dependent 

membrane fusion. Furthermore, this receptor constitutively recycles back to the cell surface, 

unlike many other receptors, which become downregulated or degraded through 

internalization, or both. Indeed, TfR1 interacts with factors such as SNX3, SNX4, and 

Sec15l1 that enable its selective and targeted recycling. Because Tf receptors are redirected 

back to the cell surface, multiple rounds of infection may be possible, and superinfection has 

been shown to occur with some viruses that use TfR1 as an entry factor (63).

4.2. Species Selectivity

Entry factors contribute to the species specificity of host–pathogen interactions. All 

vertebrates appear to have TfR1 orthologs (96), but human TfR1 displays species selectivity 

in ligand interactions (88). While combined interactions between the protease-like domain 

and the helical domain provide a ligand binding pocket for Tf and enable pH-dependent iron 

release (65), the role of the receptor’s apical domain in iron metabolism is less clear. In 

studies that have mapped the sites of interaction between TfR1 and certain viruses, the 

apical domain represents a unique target for viral recognition that does not interfere with 

interactions with Tf or its iron delivery. For example, specific residues in the apical domain 
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of feline and canine TfR1 have been shown to direct species selectivity, and receptor 

glycosylation can contribute to these interactions (69, 125). This so-called viral binding 

patch can be targeted by pathogens, such as parvoviruses, in a selective manner (69). In the 

absence of a clear functional role, the apical domain represents an attractive landscape to be 

mined by viral invaders and is a substrate for the coevolution of host and pathogen.

4.3. The Iron Gate

Several reinforcing concepts emerge from these functional and structural considerations that 

support an iron-gate paradigm for viral invasion: (a) The ubiquity of TfR1 expression across 

various cell types provides a common entry target; (b) structural aspects of TfR1 could 

contribute to host cell restriction as well as zoogenesis; and (c) the apical domain permits 

viral binding without interfering with iron delivery. Most importantly, viral invaders seek the 

exact same route as iron delivery: internalization into intracellular acidic compartments, pH-

dependent cellular entry across endosomal domains, and entry into the cytoplasm (Figure 3). 

The key functional importance of TfR1 in iron delivery from Tf has led to our understanding 

of an incredibly efficient recycling mechanism for membrane traffic. However, relatively 

little attention has been paid to how pathogens might usurp this pathway to invade host cells.

5. VIRUSES ENTERING THE IRON GATE

In 2001, Parker et al. (127) first reported that canine parvovirus (CPV) and feline 

panleukopenia virus (FPV) infected cells through the TfR1 trafficking pathway. Taking 

advantage of Chinese hamster ovary cells that lack TfR1 (TRVb cells) (114), these 

investigators showed that viral entry and infection depend on receptor expression. Another 

parvovirus, mink enteritis virus (MEV), was subsequently shown to infect these cells via the 

feline TfR1 (126). More recently, TfR1 has been associated with infections caused by a 

number of New World hemorrhagic fever arenaviruses (140). Viruses that interact with TfR1 

and other factors in the iron uptake pathway are summarized in Table 1 and discussed below.

5.1. New World Hemorrhagic Fever Arenaviruses

Infections with New World hemorrhagic fever arenaviruses can cause up to 30% mortality 

and are considered potential bioterrorism threats because of their aerosol transmission (140). 

The development of antivirals is a particularly critical concern, and because TfR1 is a 

cellular receptor for pathogenic strains, potential interactions enabling these emerging 

pathogens to cross the iron gate are a focus of keen attention. In 2007, Radoshitzky et al. 

(130) first demonstrated a specific high-affinity association between TfR1 and the entry 

glycoprotein of Machupo virus, a New World arenavirus. The expression of human TfR1, 

but not human TfR2, enhanced the infection of viruses pseudotyped with the infective 

glycoprotein G1 of Machupo, Guanarito, and Junin viruses, but not with those of Old World 

arenaviruses (Lassa fever or lymphocytic choriomeningitis viruses). An anti-TfR1 antibody 

efficiently inhibited the entry of Machupo, Guanarito, Junin, Sabia, and Chapare viruses, but 

not Lassa fever virus (74, 130). Iron depletion of culture medium enhanced, while iron 

supplementation decreased, the efficiency of infection by Junin and Machupo viruses, 

suggesting that iron-dependent levels of TfR1 correlate with viral entry. Based on these 
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multiple lines of evidence, it is clear that TfR1 is a key cellular receptor for these emerging 

New World hemorrhagic fever arenaviruses.

Crystallographic studies of the Machupo G1 glycoprotein bound to TfR1 revealed that the 

virus binds to the apical domain of the receptor without overlap with the protease-like and 

helical domains (1). Consistent with this structural information, the presence of Tf does not 

interfere with viral invasion (130), and an antibody to an apical domain epitope blocks the 

binding of the envelope G1 of several New World arenaviruses, including Junin, Guanarito, 

Sabia, Chapare, and Machupo (74). Because the structure of G1 appears to be the same 

whether or not it is bound to TfR1 (1, 16), it is unlikely that the receptor binding induces 

changes in the capsid to mediate viral invasion. Instead, the receptor’s membrane trafficking 

pathway appears to accommodate viral fusion with the early endosomal membrane due to 

entry into the low pH of these compartments (22, 123). TfR1 does not appear to be 

downregulated by Junin virus infection, suggesting that receptors are capable of recycling 

and enabling superinfection to occur (63).

Zoonotic transmission of New World arenaviruses is thought to originate through their use 

of orthologous TfR1 in rodent hosts (131). There is evidence to support selective pressure by 

viruses onTfR1 in host species (37,123,174,179). For example, it has been shown that a 

virus related to the Whitewater Arroyo virus was able to infect cells through human TfR1, 

possibly pointing to the source of three human fatalities reported in the US Southwest (179). 

Conversely, by targeting the apical domain of TfR1, receptor mutations that might either 

block viral entry or facilitate infection do not necessarily interfere with iron uptake. These 

coevolutionary interactions balance the opposing selective pressures of host-virus 

interactions (37).

Although the precise cellular targets for arenavirus infection remain unknown, it is thought 

that macrophages and dendritic cells are infected in the lung by airborne exposures (140). In 

a similar fashion, milk-borne infection by mouse mammary tumor virus (MMTV) also 

targets dendritic cells of the intestinal mucosa, with TfR1 serving as a portal for infection 

(see Section 5.2). An attenuated strain of Junin virus is used in Argentina as a protective 

vaccine against hemorrhagic fever, but more advanced antiviral therapies remain to be 

developed, with the apical domain of TfR1 being a candidate drug target for disrupting 

infection (123, 140). The apical-domain-targeting anti-TfR1 antibody, for example, could 

offer an important therapeutic approach (74). Alternatively, antibodies that bind to the viral 

G1 protein and that mimic TfR1 interactions are a potential immunological solution (175).

5.2. Mouse Mammary Tumor Virus

MMTV is a well-characterized retrovirus that is associated with the pathogenesis of 

mammary adenocarcinomas and T cell lymphomas in rodents. The seminal discovery by 

Varmus and Bishop that MMTV activated proto-oncogenes led to their Nobel prize in 1989. 

Results from low-level polymerase chain reaction fueled controversy about whether this 

retrovirus could possibly be linked to human breast cancer (109). However, biochemical 

studies showed that MMTV uses only mouse TfR1 for infection (136). Although the mouse 

virus might be able to interact with human receptors, an interesting finding is that only 

mouse TfR1 is capable of mediating viral entry into low-pH compartments (159). Because 
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MMTV membrane fusion requires pH 5 or lower, late endosomal domains are thought to be 

necessary for invasion of the mouse virus. It has been suggested that a complex with mouse 

TfR1 can be diverted to more-acidic late-endosomal compartments and that viral binding 

sites (separate from Tf binding sites) alter the receptor’s intracellular trafficking pathway, 

inducing receptor-specific signals or association with coreceptors to promote fusion of the 

viral envelope (158). Like arenaviruses, interactions with the MMTV retrovirus do not 

interfere with the housekeeping functions of TfR1 in iron transport. An evolutionary analysis 

of these interactions suggests positive selective pressure for apical domain- binding sites 

(37). Thus, the host range of MMTV-like viruses may have once been much larger, but 

resistant mutations in TfR1 appear to have won the host–virus arms race.

5.3. Human and Simian Immunodeficiency Viruses

The lentiviral gene product Nef captured attention when early patients identified as being 

infected with Nef-deficient HIV-1 did not appear to progress to AIDS. Because Nef 

appeared to be a necessary factor for full virulence, its function in pathogenesis became a 

focus of great attention (52). Nef activity was associated with the downregulation of surface 

molecules through its interactions with the clathrin adaptor protein AP-2 (145). Among 

these targets, HIV-1 Nef was reported to downregulate the hereditary hemochromatosis 

protein HFE in macrophages that were infected ex vivo (42). As a consequence of this 

action, these cells became iron loaded, suggesting that this virus influences iron metabolism. 

More recently, it has become clear that simian immunodeficiency virus (SIV) Nef inhibits Tf 

endocytosis (94). Researchers have found that simian Nef reduces TfR1 internalization by 

interacting with an AP-2 binding motif that does not normally function in HIV- and SIV-

induced downregulation of other surface receptors. This proposed function may limit viral 

replication and represents a host-virus adaption in monkeys (94). Ultimately, when it was 

learned that patients infected with Nef-deficient HIV-1 suffered disease progression, interest 

in Nef’s function in endocytosis, viral entry, and iron delivery waned (52). Fortunately for 

these and other patients, antiviral therapies have now helped to significantly lower the 

burden of disease and reduce spread of the AIDS epidemic. Nonetheless, it is important to 

discern why lentivirus interactions may induce iron loading or iron deficiency, depending on 

the host and cellular target.

5.4. Canine Parvovirus

As mentioned above, CPV was the first pathogen recognized to invade cells through the 

TfR1 iron gate (127). CPV infections can cause severe gastroenteritis, especially in puppies, 

and are a serious concern among dog breeders. The parvoviruses are closely related to FPV 

and MEV, but only CPV invades canine cells (127). The process of CPV invasion involves 

clathrin-mediated endocytosis, with subsequent invasion into the cell from endocytic 

compartments. Anti-TfR1 antibodies were found to block CPV infection (127), and later 

studies found that soluble TfR1 could block infection and decrease mortality in CPV-

infected dogs (163). Similar to MMTV and the New World arenaviruses, the apical domains 

of the receptor appear to be involved in parvovirus recognition and binding (69).

The mechanism of CPV entry through TfR1 interactions also has been characterized by 

using fluorescence live cell imaging (32). This study suggests that the relatively low affinity 
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of CPV viral capsids for the receptor allows TfR1 to cluster at the cell surface into clathrin-

coated structures. Those virus particles that do not rapidly encounter a clathrin domain 

dissociate from the cell surface. It has been reported that CPVbinds relatively fewTfR1s 

(five to seven receptor complexes) (32, 72), so that this lateral diffusion mechanism 

improves the efficiency of virus internalization via clathrin-coated membrane invaginations. 

Interestingly, the spread of CPV infection had been previously associated with the 

acquisition of the parvovirus’s specific recognition of canine TfR1 (77), but more recent 

evolutionary studies suggest that the virus may have readapted to recognize a resistant 

ortholog of TfR1 previously used in a former carnivore host (86). Once again, host–virus 

coevolution is likely supported by viral binding to the TfR1 apical domain, which is not 

required for iron delivery.

5.5. Feline Panleukopenia Virus

FPV causes distemper in cats, affecting rapidly dividing cells of the intestine and bone 

marrow. Parker et al. (127) initially reported that FPV and CPV bind to human TfR1 using 

heterologous expression in TRVb cells. The use of blocking antibodies prevented viral 

invasion, confirming the role of this receptor. Moreover, expression of feline TfR1 conferred 

susceptibility to infection. Although both FPV and CPV recognize TfR1, the host range 

appears to be restricted. Subsequent investigation showed that CPV selectively interacts with 

the canine TfR1 (77). Using a series of chimeric FPV receptors, and by studying specific 

point mutations represented in the canine receptor (69, 125), researchers later determined 

that CPV infection is mediated by a canine-specific TfR1 glycosylation site (Asn383), while 

adding this site to the feline receptor reduced FPV binding and infection. Instead, a critical 

residue in the apical domain (Leu221) was identified as influencing parvovirus uptake of 

feline TfR1 (69). In human TfR1, this site is adjacent to a residue found to be critical for 

arenavirus binding; interestingly, feline, but not canine, TfR1 orthologs bind to arenaviruses 

(1), suggesting there are subtle structural alterations and that the additional glycosylation site 

in canine TfR1 orthologs must affect interactions between these viruses and the receptor’s 

apical domain. Such evidence supports the idea that pathogen infections of new hosts may 

be determined by simple amino acid substitutions in TfR1 (28).

5.6. Mink Enteritis Virus

MEV is a variant of FPV and also displays homology with CPV. MEV invades mesenteric 

lymph nodes and intestinal epithelium to cause enteritis, and it is an economically 

challenging pathogen in the mink industry. Similar to the other parvoviruses discussed 

above, TfR1 has been implicated as a viral receptor. In a screen of small noncoding 

microRNAs, miR-320a and mi-R140 were identified as becoming upregulated upon MEV 

infection to inhibit its entry. These microRNAs target the 3′ untranslated region of TfR1 to 

downregulate receptor expression; thus, it appears that MEV selectively represses the 

receptor to block further rounds of infection (149). This work not only supports the role of 

TfR1 in viral infection, it further suggests that some invading pathogens may manipulate the 

expression of the receptor to limit superinfection. It also points to potential therapeutic 

avenues for limiting infection through the use of small interfering RNAs (siRNAs) to alter 

TfR1 expression.
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5.7. Hepatitis C Virus

About 3–5 million people in the United States are infected with hepatitis C virus (HCV), 

which leads to chronic liver disease and hepatocellular carcinoma. Fortunately, treatment 

with direct-acting antivirals now results in a greater than 90% cure rate (3). However, large 

numbers of HCV patients load excessive liver iron, and iron metabolism appears to be a viral 

target, including the downregulation of TfR1 (87,107). Infection by HCV is complex and 

involves multiple host surface molecules as cofactors for attachment. Using a small 

molecule that targets TfR1 but not TfR2 (18, 76), Martin & Uprichard (107) determined that 

the receptor is an additional HCV entry factor. Their findings suggest that TfR1 most likely 

acts later than other surface factors that bind the virus, but it is necessary to mediate 

internalization to endosomal compartments. The use of a blocking antibody suggests that 

virus recognition by the receptor involves its apical domain, which is similar to New World 

arenaviruses (130). After infection, the invading virus appears to have strong influence on 

host cell cellular iron metabolism, most likely to avoid inhibition of replication due to iron-

induced inhibition of the HCV viral polymerase NS5B (50). This host–pathogen interaction 

would explain the apparent downregulation of TfR1 in infected hepatocytes (50, 87, 130).

5.8. Human Adenoviruses for Gene Therapy

More than 400 human gene therapy trials have focused on human adenovirus (Ad) vectors. 

Because many disorders involve metabolic gene defects in the central nervous system, a 

specific challenge of viral-based therapies is to cross the blood–brain barrier. Xia et al. (169) 

addressed this issue by engineering recombinant Ad5 to recognize and specifically bind to 

human TfR1. Their study determined several peptide sequences that allowed gene transfer 

into human brain microcapillary endothelial cells when introduced into the HI loop of Ad5 

fiber (Ad5GFP-B6HI and AdGFP- B8HI). Likewise, Joung et al. (85) engineered Ad5 virus 

particles to contain a peptide mimetic for Tf (THRPPMWSPVWP) and showed effective 

delivery of Tf-AdLac into neuroglia through TfR1. Importantly, the ability of the latter 

construct to infect cells was not altered by the presence of the ligand Tf, raising the 

possibility of in vivo infection without significant perturbations to cellular iron metabolism. 

These investigations demonstrate the feasibility of exploiting the iron gate to effectively 

target gene delivery.

5.9. Alphaviruses

Alphaviruses infect both insect and vertebrate cells and are spread by mosquitos. Emerging 

pathogens of this class include the Chikungunya virus, which causes fever and joint pain, 

and there have been recent outbreaks of infection in the United States, Latin America, and 

the Caribbean. More well-characterized laboratory strains include the Sindbis and Semliki 

Forest viruses (148). Host factors required for infection by alphaviruses remained poorly 

understood until a recent genome-wide RNA interference screen identified the product of the 

malvolio (Mvl) gene as the cellular receptor for the Sindbis virus (135). This Drosophila 
homolog of Nramp2 or DMT1 participates in the delivery of iron across endosomal 

membranes (see Section 3). These findings are consistent with the known entry of 

alphaviruses by clathrin-mediated endocytosis (91) and provide yet another example of the 

co-opted use of the TfR1 iron-delivery pathway for cellular invasion by viruses.
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6. VIRAL INFECTIONS AND IRON STATUS

An often overlooked virulence factor is the host’s nutritional status (13). The recent 

emergence of infectious pathogens such as New World arenaviruses has demonstrated our 

vulnerability to viral attacks. Our coevolution with infectious pathogens raises the risk of 

outbreaks due to acquired sensitivity or resistance, or both, in host factors such as TfR1. As 

described earlier, TfR1 is highly regulated by iron status and plays a central part in the host’s 

iron homeostasis by participating in the signaling pathway controlling hepcidin levels. How 

could host iron metabolism influence out-breaks of emerging disease? Perhaps the best 

evidence supporting the role of the host’s nutritional status on emerging pathogens comes 

from studies of selenium status and its role in coxsackie, polio, influenza, and other viral 

infections (12, 13). The effects of host micronutrient status on inducing and propagating 

viral mutations have been described, and they are thought to originate from oxidative stress 

due to imbalanced levels of critical vitamins and minerals, as well as the altered immunity of 

the host under these conditions. Among the plausible molecular mechanisms in host–

pathogen interactions that contribute to evolutionary pressures are redox regulation, leading 

to faster viral replication, and direct oxidative damage, leading to genomic alterations. 

Below are some brief examples of how both iron overload and iron deficiency might alter 

the course of human infection and the emergence of pathogenicity. For a more 

comprehensive perspective on iron metabolism and inflammation, the reader is referred to 

recent reviews (43, 162, 164, 165)

6.1. Iron Overload

The role of excess iron in promoting viral infections has been discussed for many years 

(161). During infections, hepcidin levels become elevated, and numerous studies have 

demonstrated a hypoferremic response to viral infections (60). Higher hepcidin levels are 

associated with lower ferroportin levels, but the latter effect serves to elevate the intracellular 

iron stores of macrophages and hepatocytes. Thus, cells of the reticuloendothelial system 

and the liver accumulate excess iron during inflammation (60). In the case of HCV infection, 

such hepatic iron loading contributes to the progression of disease (57). The infection also 

produces systemic iron loading with increased Tf saturation, serum ferritin, and hepatic iron 

due to the dysregulation of hepcidin synthesis by the liver (38, 56). In vitro infection studies 

of hepatocytes indicate that the virus may directly manipulate the host’s iron status to 

promote its replication; since the liver is the site of hepcidin synthesis, such changes appear 

to actively subvert the host’s iron homeostasis (50). Iron depletion strategies have proven to 

be beneficial to HCV patients by reducing liver overload (58). These and other observations 

led Drakesmith & Prentice (43) to hypothesize that oxidative stress due to liver iron loading 

could modify the evolution of HCV viral quasispecies, which are associated with poor 

outcomes (48).

6.2. Iron Deficiency

The host’s immune response can be significantly compromised in individuals with 

nutritional iron deficiency because activities of important iron-requiring enzymes that 

combat infection become impaired (e.g., myeloperoxidase, inducible nitric oxide synthase) 

(reviewed in Reference 164). Iron is also a necessary cofactor for ribonucleotide reductase, a 
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key enzyme in nucleic acid synthesis that is critical for the proliferation of lymphocytes in 

order to mount a defense against invading pathogens. However, whether iron intake should 

be supplemented when the body undergoes iron restriction during infection is an open 

question. In the case of HIV-1 infection, viremia has been associated with decreased plasma 

iron and increased hepcidin (5). Iron is required for HIV-1 replication (43), and iron 

supplementation of HIV-positive individuals may worsen the progression of the disease 

(121). However, some studies have shown that many HIV-positive individuals are iron 

deficient (95), with increased risks of mortality and disease progression (79). These findings 

reinforce the idea that low iron status increases susceptibility and reduces the host’s capacity 

to limit infection, particularly when the virus attacks immune cells (47, 124).

7. THE IRON GATE PARADIGM

Information from studies of the pathogenicity of the viruses listed in Table 1 and described 

in Section 5 not only sheds light on their invasion and intracellular trafficking strategies but 

also supports the idea that TfR1 and host iron metabolism are particularly critical to 

combating emerging infectious diseases. Given the significant influence of iron status on 

viral infections, obvious strategies include careful monitoring of the nutritional status of 

world populations at higher risk for emerging epidemics. However, decisions about whether 

to provide supplementation to iron-deficient individuals during infection need to be 

informed by pathogen-specific interactions; for example, does the virus invade hepatocytes 

and macrophages that become iron rich during the anemia of inflammation induced by 

infection, or are cells of the immune system the target of infection, such that the host 

response under iron-deficiency conditions becomes further compromised (43)? Targeted 

therapeutic approaches that have been discussed for pathogens that use TfR1 as an entry 

receptor include the use of anti-TfR1 antibodies (74) and antiviral peptide mimetics that 

neutralize the sites of interaction in the TfR1 apical domain (175). Novel strategies to reduce 

the risk of infection by lowering receptor levels using siRNA could be explored (149).

Many lines of evidence support why TfR1 represents such a vulnerable target for viral 

infection: (a) It is an abundantly expressed, cell-surface membrane protein; (b) it is 

endocytosed and recycled in a constitutive manner; (c) pH-dependent viral invasion can be 

supported by the intracellular trafficking pathway of the receptor; (d) specialized cellular 

machinery that accommodates efficient iron delivery via this vesicular route can be co-opted 

for efficient infection; (e) orthologous Tf receptors exist across mammalian hosts; (f the 

receptor’s molecular structure includes a large apical domain that permits capsid binding; 

and (g) viral interactions do not interfere with iron delivery and its regulation by the receptor 

because these function are supported by other domains of TfR1.

A remaining enigma to be resolved is how TfR1 participates in the process of infection. It 

has been largely assumed that TfR1 is simply a passive target for infection. Could the 

receptor play a more active role in signaling the metabolic fitness of host? For example, an 

iron-poor host with nutritional deficiency or the anemia of inflammation, or both, would 

significantly impair the survival of the pathogen. Although iron deficiency might increase 

TfR1 levels due to IRP control, these receptors would be unoccupied by ligands since 

systemic iron deficiency lowers Tf saturation. Virus interactions with TfR1 do not 
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necessarily interfere with Tf binding, but whether the presence of a ligand is necessary for 

viral recognition and invasion has not been rigorously addressed. It is conceivable that the 

Tf–TfR1 complex is the more precise viral recognition target since the presence of a ligand 

would signal the host’s iron sufficiency status to invading pathogens (Figure 4).

Other active roles might be imparted by alternative TfR1 ligands (e.g., ferritin, pIGA1, or 

other unknown factors). Alternatively, direct effects of iron-independent TfR1 signaling 

(e.g., NF-κB activation, JNK regulation, or other implicated pathways) could be involved (90, 

141). Although iron-independent functions of TfR1 have yet to be fully elucidated, these 

activities could modify viral interactions and support invasion.

TfR1 levels and iron flux are also correlated with the activity of mTOR (mammalian target 

of rapamycin), a master regulator of energy metabolism. mTOR is a component of mTORC1 

(mTOR complex 1), an essential complex that also includes Raptor and mLST8 (40). mTOR 

is active when energy and nutrients are in surplus, but under stress conditions, it is inhibited 

to promote cell survival by conserving these resources. In fact, many viruses have evolved 

complex mechanisms to overcome mTOR inhibition caused by stress responses to infection 

(17). Early siRNA screening studies indicated that the mTOR signaling pathway was a 

positive regulator of Tf uptake (59). More recent studies identified at least one downstream 

target of mTOR that is involved in TfR1 regulation, tristetraprolin (TTP). TTP is an anti-

inflammatory response protein and a mammalian homolog of the yeast Cth1 and Cth2 

proteins, which are known to regulate iron levels under deficiency conditions to promote 

survival (71). In contrast to IRP control, TTP binds to TfR1 messenger RNA and enhances 

its degradation (11). In its active state, mTORC1 blocks this effect, while rapamycin 

inhibition induces TfR1 degradation. Thus, TTP appears to counterbalance IRP control, 

which is iron responsive but not energy sensitive. An additional layer to the regulation of 

iron flux by this signaling pathway is that mTORC1 maintains the recycling pathway 

necessary for the constitutive membrane trafficking of TfR1 (35). TfR1 levels must be 

coordinated with iron delivery within endocytic compartments, and the process of membrane 

sorting and trafficking appears to be tightly controlled by mTOR. Under stress conditions, 

TfR1 is redirected to late endosomal and lysosomal compartments, where it is degraded (55, 

150). A deeper understanding of the relationship between iron status and metabolic fitness 

would not only increase our understanding of the mTOR/TTP/TfR1 signaling pathway 

(Figure 4), but also help to illuminate the precise role of TfR1 in host–pathogen interactions.

8. CONCLUSIONS

Our innate immune response carefully orchestrates control over iron metabolism to limit its 

availability during times of infection. An emerging enigma is that many viruses use the 

primary gatekeeper of iron metabolism, TfR1, as a means to enter cells. TfR1 is a vulnerable 

target as it is an abundantly expressed cell-surface membrane protein that undergoes 

constitutive endocytosis and recycling that would bring virus particles to acidic 

compartments for pH-dependent invasion. Moreover, orthologous receptors exist across 

mammalian hosts, and within these structures there is a large apical domain that permits 

capsid binding. Finally, viral interactions do not interfere with iron delivery and its 

regulation by the receptor, thereby supporting the survival of the host cell. Although the iron 
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gate paradigm explains why the transferrin receptor is targeted for viral infection, how it 

may participate is unknown. Although the receptor is thought to have a passive role in 

pathogen invasion, this review has considered whether it may be a more active participant in 

viral infections by signaling the metabolic fitness of the host via interactions that reflect the 

iron saturation of Tf, by interactions with other ligands or Tf-independent functions, or 

through regulation of the receptor by the master energy regulator mTOR.
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Glossary

Tf transferrin

TIBC transferrin iron-binding capacity

NTBI nontransferrin-bound iron

TfR transferrin (Tf) receptor

IRE iron response element

IRP iron response element (IRE) binding protein

DMT1 divalent metal transporter-1

AP-2 clathrin adaptor protein-2

PICALM phosphatidylinositol binding clathrin assembly lymphoid myeloid 

leukemia

PI3P phosphatidylinositol-3-phosphate

V-ATPase vacuolar H+-ATPase

SNX sorting nexin

D-AKAP2 dual-specific A-kinase anchoring protein-2

mTOR mammalian target of rapamycin
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Figure 1. 
Structural representation of the transferrin–transferrin receptor-1 (Tf–TfR1) complex. The 

receptor is a type II membrane protein with apical, helical, and protease-like domains. Two 

cysteine residues in the so-called stalk region form disulfide links between monomers. The 

viral binding patch is located in the apical domain. The Tf–TfR1 complex includes Tf 

binding to each dimer. The ligand has N- and C-lobes that each contain an iron binding site.
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Figure 2. 
Transferrin (Tf) and transferrin receptor (TfR) function in iron homeostasis. Tf binds iron 

entering circulation via dietary absorption, iron recycling of red blood cells, or release from 

liver stores. These export pathways are regulated by the hormone hepcidin, which responds 

to iron saturation sensed by Tf–TfR through the hereditary hemochromatosis protein HFE. If 

there is iron surplus, Tf binding competes with HFE for association with TfR1, enabling it to 

bind TfR2 and participate in signaling hepcidin upregulation. Under these conditions, TfR1 

mediates iron delivery, ultimately targeting the nutrient for metabolism or storage. When Tf 

saturation becomes reduced under low iron conditions, TfR2 is destabilized, and endocytic 

delivery is adjusted to meet functional demands.
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Figure 3. 
(a) The intracellular pathway for iron delivery. Transferrin receptor-1 (TfR1) clusters into 

clathrin-coated pits through sorting interactions with AP-2 (clathrin adaptor protein-2) and 

PICALM (phosphatidylinositol binding clathrin assembly lymphoid myeloid leukemia). 

Endocytic vesicles rapidly bud, EEA1 (early endosome associated antigen-1) is recruited, 

and endosomes undergo homotypic fusion mediated by Rab5. Endosomes acidify due to V-

ATPase (vacuolar H+-ATPase) activity, and low pH promotes the discharge of iron, while 

apo-Tf remains bound to TfR1. Divalent metal transporter-1 (DMT1) mediates the release of 
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iron to the cytoplasm. Recycling involves slow (Rab4/Rab11) and fast (Rab4) pathways; D-

AKAP2 (dual-specific A kinase anchoring protein-2) regulates trafficking through the 

endocytic recycling compartment into these pathways. Sorting nexins (SNX3 and SNX4) 

help direct the Tf–TfR1 complex to return to the cell surface where the exocyst complex 

mediates fusion. Sec15l1, a component of the exocyst, helps direct TfR1 recycling. (b) Viral 

entry follows the TfR1 membrane trafficking pathway. Invasion begins with virions 

interacting with surface receptors, capturing the capsid for entry into the clathrin-mediated 

pathway. Uptake may involve the clustering of a few receptors, which deliver the virion to 

low-pH endocytic compartments. Here, pH-dependent processing can occur, and fusion of 

the virion with the endosomal membrane and invasion into the cytoplasm takes place. The 

recycling of TfR1 may allow for superinfection to occur.
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Figure 4. 
The active roles of transferrin receptor-1 (TfR1) during infection may signal the host’s 

metabolic fitness to pathogens. Holo-transferrin (Tf ) binding to TfR1 reflects systemic iron 

sufficiency, such that the ligand–receptor complex itself might be the entry target and not 

simply TfR1 alone. Alternatively, other ligands (e.g., ferritin, polymeric A1 isotype 

immunoglobulin, unknown moieties) could participate in viral invasion as coreceptors. TfR1 

also has iron-independent functions, including the activation of signaling pathways that 

might be involved with infections to suppress the cellular stress response. Mammalian target 

of rapamycin (mTOR), a master regulator of energy metabolism, appears to positively 

regulate TfR1 by maintaining the endocytic recycling pathway to guard against receptor 

degradation and to suppress tristetraprolin (TTP) degradation of TfR1 messenger RNA. 

Thus, cell surface TfR1 reports cellular energy status to the virus, reflecting mTOR control.
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Table 1

Viruses that interact with transferrin receptor-1 (TfR1) and other factors in the iron uptake pathway

Virus (abbreviation) Description

New World arenaviruses Emerging pathogens into humans via zoonotic transmission; cause hemorrhagic fever with poor prognosis; 
natural hosts include rodents in the Muridae family; they are a bioterrorism threat due to aerosolized 
transmission; bind to TfR1 apical domains

Machupo (MACV) Found in Bolivia; infects human and cat TfR1; the large vesper mouse is the endogenous host; mouse and rat 
models have not been efficiently infected

Junin (JUNV) Responsible for Argentine hemorrhagic fever; the drylands vesper mouse is the principal host; mouse and rat 
models have not been efficiently infected

Ocozocoautla de Espinosa 
(OCEV)

Isolated in Mexican deer mice near site of 1967 hemorrhagic fever epidemic; does not infect human TfR1, 
but replacement of three amino acids with bat ortholog made an efficient target of the human receptor; 
related to Tacaribe virus

Tacaribe (TCRV) Found in bats; nonfatal human laboratory-acquired human infections have been observed

Guanarito (GTOV) Cane mouse is the principal host; unlike MACV and JUNV does not infect vesper mouse TfR1 ortholog; 
mouse and rat models have not been efficiently infected; identified in Venezuela

Sabia (SABV) Host is not yet identified; found in Brazil; only small number of infections known

Chapare (CHAV) Found in Bolivia; suspected cause of 1960s hemorrhagic fever outbreak in Chiapas, Mexico

Mouse mammary tumor virus 
(MMTV)

Infects Mus musculus; invasion is incompatible with human TfR1; likely to have had a larger host range of 
rodent-related species in the past; milk-borne pathogen

Human and simian 
immunodeficiency
viruses (HIV, SIV)

HIV Nef protein downregulates HFE, a regulator of iron metabolism and a TfR1 binding partner; SIV Nef 
induces downregulation of TfR1

Parvoviruses First class of pathogens recognized to invade via TfR1; infect actively dividing cells of the lymph system and 
crypt cells of the intestine; bind to TfR1 apical domain

Canine parvovirus (CPV) Originated in early carnivores; reemerged with acquisition of species-specific glycosylation site in canine 
TfR1

Feline panleukopenia virus 
(FPV)

Causes distemper in cats; infects feline and mink cells, but not canine cells; binds to determinants in TfR1 
apical domain

Mink enteritis virus (MEV) Important economic pathogen in mink industry; downregulates TfR1 expression after infection

Hepatitis C virus (HCV) TfR1 is among other entry factors, but it is likely required for endocytic uptake; virus attacks host iron 
metabolism; iron depletion is beneficial to infected individuals

Human adenovirus Gene therapy has engineered adenovirus 5 to recognize TfR1 for enhanced efficiency and to cross the blood–
brain barrier (e.g., Tf-AdLac)

Alphaviruses Sindbis virus uses DMT1 as entry receptor into endocytic pathway; first identified in Egypt; causes Sindbis 
fever in humans; transmitted by mosquitoes
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