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Significance

SARS- CoV- 2 has been detected in 
almost all organs of COVID- 19 
patients, although some of the 
organs express little or no ACE2. 
Single- cell sequencing indicates 
that SARS- CoV- 2 is present in 
diverse immune cells, which do 
not express ACE2, suggesting the 
presence of other receptors/
co- receptors mediating virus 
entry. Here, we identified human 
TfR, one of the most ubiquitously 
and highly expressed membrane 
components, as a receptor of 
SARS- CoV- 2. TfR mediated 
SARS- CoV- 2 infection by directly 
binding to the spike with high 
affinity and transporting the virus 
into the host cells. Interference 
with the TfR and SARS- CoV- 2 
interaction significantly inhibited 
viral infection. This study 
indicates that TfR is an 
alternative target for SARS- CoV- 2 
infection. The TfR trafficking 
pathway mediates SARS- CoV- 2 
entry and infectivity.
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Severe acute respiratory syndrome coronavirus 2 (SARS- CoV- 2) infection has been 
detected in almost all organs of coronavirus disease- 19 patients, although some 
organs do not express angiotensin- converting enzyme- 2 (ACE2), a known receptor 
of SARS- CoV- 2, implying the presence of alternative receptors and/or co- receptors. 
Here, we show that the ubiquitously distributed human transferrin receptor (TfR), 
which binds to diferric transferrin to traffic between membrane and endosome for the 
iron delivery cycle, can ACE2- independently mediate SARS- CoV- 2 infection. Human, 
not mouse TfR, interacts with Spike protein with a high affinity (KD ~2.95 nM) to 
mediate SARS- CoV- 2 endocytosis. TfR knock- down (TfR- deficiency is lethal) and 
overexpression inhibit and promote SARS- CoV- 2 infection, respectively. Humanized 
TfR expression enables SARS- CoV- 2 infection in baby hamster kidney cells and C57 
mice, which are known to be insusceptible to the virus infection. Soluble TfR, Tf, 
designed peptides blocking TfR- Spike interaction and anti- TfR antibody show sig-
nificant anti- COVID- 19 effects in cell and monkey models. Collectively, this report 
indicates that TfR is a receptor/co- receptor of SARS- CoV- 2 mediating SARS- CoV- 2 
entry and infectivity by likely using the TfR trafficking pathway.

SARS- CoV- 2 | alternative receptors | transferrin receptor | spike | interaction

Severe acute respiratory syndrome coronavirus 2 (SARS- CoV- 2), declared a pandemic by 
the World Health Organization (WHO) on 11 March 2020 (https://www.who.int/), is 
the cause of COVID- 19. This disease is characterized by influenza- like manifestations 
ranging from mild to severe pneumonia, fatal acute lung injury, acute respiratory distress 
syndrome, multi- organ failure, and relatively high morbidity and mortality, especially in 
older patients with comorbidities (1–10). Unfortunately, the pathogenesis and etiology 
of COVID- 19 are yet to be clarified, and targeted therapies for COVID- 19 patients 
remain inadequate (11).

Pioneering studies (12, 13) demonstrated that angiotensin- converting enzyme 2 (ACE2) 
is the critical receptor for SARS- CoV, which first emerged 20 y ago (14). The spike protein 
of SARS- CoV binds to the host ACE2 receptor and then enters target cells. SARS- CoV- 2 
bears an 82% resemblance to the genomic sequence of SARS- CoV (15). The spike 
receptor- binding domain (RBD) of SARS- CoV- 2 is also highly similar to that of SARS- CoV, 
suggesting a possible common host cell receptor. Several cryoelectron microscopy studies 
have demonstrated that SARS- CoV- 2 spike protein directly binds to ACE2 with high 
affinity (16–20). Soluble ACE2 fused to Ig (18) or nonspecific protease inhibitors (e.g., 
camostat mesylate) can hinder infection with a pseudovirus- bearing the SARS- CoV- 2 spike 
protein (21). Camostat mesylate at high doses (100 mg/mL) can also partially reduce 
SARS- CoV- 2 growth (21). Recently, Monteil et al. reported that clinical- grade soluble 
human ACE2 can significantly block the early stages of SARS- CoV- 2 infection in engineered 
human tissues (19). SARS- CoV- 2 preferentially infects cells of the respiratory tract (22). 
The virus has been detected in almost all human organs, although some express little or no 
ACE2 (23–25). Single- cell sequencing data indicate that SARS- CoV- 2 RNAs are present 
in diverse immune cells that do not express ACE2, suggesting the possibility of other 
receptors/co- receptors mediating virus entry (26–29). Indeed, recent research has shown 
that neuropilin- 1 facilitates SARS- CoV- 2 cell entry and infectivity (30). Tyrosine- protein 
kinase receptors UFO (AXL), CD4, CD147, KREMEN, HSPGs, sialic acids, TMEM106B, 
and NPC1 have also been suggested as alternative receptors for SARS- CoV- 2 (31–38). 
LRRC15 was reported as an inhibitory receptor for SARS- CoV- 2 entry (39).

Here, we identified the transferrin receptor (TfR) as another receptor that mediates 
SARS- CoV- 2 entry by directly binding to the virus spike protein with high affinity. Notably, 
interference with the spike- TfR interactions by small peptides and antibodies significantly 
inhibited SARS- CoV- 2 infection in cells and monkeys. This provides a potential antiviral 
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strategy and an animal model of mice expressing humanized TfR 
(hTfR) to study viral infections and drug screening.

Results

TfR Is Highly Expressed in the Lungs and Is Up- Regulated upon 
SARS- CoV- 2 Infection. To identify host proteins responsible for 
SARS- CoV- 2 infection of pulmonary cells, we explored the 
proteins that interacted with spike in human lung adenocarcinoma 
(Calu- 3) cells by co- immunoprecipitation (Co- IP) and liquid 
chromatography–tandem mass spectrometry (LC–MS/MS). In 
total, we identified 293 proteins that interacted with spike, 42 
of which were transmembrane proteins, 9 of which were cell 
membrane proteins or were able to translocate to the cell membrane, 
and 2 (transferrin receptor protein 1, TfR, angiotensin- converting 
enzyme 2, ACE2) of which were reported to be associated with 
viral entry (SI  Appendix, Fig.  S1) (40). Many viruses via TfR, 
which is the primary gatekeeper of iron metabolism, to enter cells 
(41–43). Furthermore, TfR is ubiquitously and highly expressed in 
plasma membranes (41). As such, we investigated and compared 
the TfR expression in the liver and respiratory tract organs (i.e., 
nasal cavity, trachea, and lungs) of mice. At both the RNA (Fig. 1A) 
and protein levels (Fig. 1B), TfR expression was much higher in 
the trachea and lungs than in other tissues of mice. We further 
analyzed the effects of SARS- CoV- 2 infection on the expression 
of TfR in the lung tissues of monkeys and humanized ACE2 
(hACE2) mice (Fig.  1 C and D) using immunohistochemical 
(IHC) analysis. We also stained for viral antigens to determine 
the extent of virus infection (Fig. 1 E and F). Results showed that 

TfR expression increased 1.8-  and 1.5- fold upon SARS- CoV- 2 
infection in the lungs of the monkeys and mice, respectively.

Human TfR Directly Interacts with SARS- CoV- 2 Spike Protein. 
As TfR is a multi- tasking receptor that mediates cell entry of 
many different viruses (41) and as SARS- CoV- 2 appears to 
up- regulate TfR expression (as shown above), we investigated 
whether TfR directly interacts with SARS- CoV- 2. Enzyme- linked 
immunosorbent assay (ELISA) and surface plasmon resonance 
(SPR) analysis indicated a direct interaction between human 
TfR and the SARS- CoV- 2 spike protein (Fig.  2 A and B and 
SI Appendix, Fig. S2 A and B). The association rate constant (Ka), 
dissociation rate constant (Kd), and equilibrium dissociation 
constant (KD) for the TfR and spike protein interactions were 
2.69 × 105 M−1 s−1, 7.92 × 10−4 s−1, and 2.95 nM, respectively. 
Interactions between TfR and SARS- CoV- 2 spike RBD, which 
binds to the cell receptor ACE2 (44, 45), were also investigated 
using SPR (Fig. 2C and SI Appendix, Fig. S2C). The KD value 
between TfR and SARS- CoV- 2 spike RBD was ~43 nM, which 
is slightly weaker than the binding affinity between TfR and intact 
spike protein. Importantly, SARS- CoV- 2 spike protein shows no 
interaction with mouse and Syrian hamster TfR (SI Appendix, 
Fig. S3). Based on the TfR (46) and virus spike protein structures 
(47), we established a TfR- spike protein interaction docking 
model (SI  Appendix, Fig.  S4A). According to the model, two 
peptides derived from TfR sequence (SL8: SKVEKLTL and QK8: 
QDSNWASK), which were predicted to interfere with the interface 
mediating TfR- spike protein interaction (SI Appendix, Table S1). 
As illustrated in Fig. 2D, the peptides inhibited TfR- spike protein 

Fig. 1. TfR is highly expressed in lungs and up- regulated upon SARS- CoV- 2 infection. TfR expression levels in different tissues, including respiratory tract (nasal 
cavity, trachea, and lung) and liver of C57 mice, were detected by qRT- PCR (A) and western blotting (B). Fold change was in comparison to “liver”. Na+/K+ ATPase 
was used as a control. Data represent mean ± SD of six independent experiments. IHC analysis of TfR expression and viral antigen (C–F) in lung tissue of SARS- 
CoV- 2- infected monkeys and hACE2 mice. The cells stained brown are positive for TfR or viral antigen. Cell nuclei are stained blue with hematoxylin. (Scale bar, 
50 μm.) Data represent mean ± SD (n = 6), ***P < 0.001 by the unpaired t test.
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interactions by SPR analysis. Co- IP analysis also revealed that 
SL8, but not its scrambled peptide (SL8- scr), interfered with 
TfR- spike protein complex formation (Fig. 2E), suggesting that 
the key region mediating TfR- spike protein interaction is located 
on αIII- 2 (524–537) of the helical domain on TfR. Based on 
the docking model in SI Appendix, Fig. S4A, four TfR residues 
(A529, K531, V532, and K534) were predicted to be important 
for TfR- spike protein interaction. Mutagenesis (A529→I529) 
combined with Co- IP indicated that A529 was essential for the 
human TfR- spike protein interaction (Fig. 2F), which is consistent 
with sequence alignment in SI Appendix, Fig. S4C.

Physiological Occurrence of TfR- SARS- CoV- 2 Interaction and 
TfR- Dependent SARS- CoV- 2 Endocytosis. Our study found that 
TfR and the SARS- CoV- 2 spike protein showed interaction 
in  vitro. Thus, we investigated the physiological occurrence of 
the TfR- SARS- CoV- 2 interaction. The Co- IP results revealed that 
the physiological interaction between TfR and SARS- CoV- 2 spike 
protein occurred at the cell surface and during endocytosis (Fig. 3A 
and SI Appendix, Fig. S5). Electron microscopy further showed that 
TfR (traced by 5- nm gold colloid- labeled antibody) was bound to 
the spike protein (traced by 15- nm gold colloid- labeled antibody) 

of SARS- CoV- 2 pseudovirus at cell surface and during endocytosis 
of HEK293/hACE2 and Baby Hamster Syrian Kidney- 21 (BHK- 
21)/hTfR cells (Fig. 3B and SI Appendix, Fig. S6). Soluble TfR, 
Tf, anti- TfR antibody, and designed peptides (SL8 and QK8), 
which are predicted to block TfR- SARS- CoV- 2 interaction by 
occupying TfR or blocking TfR- spike protein binding, were used 
to test their effects on SARS- CoV- 2 infection using plaque assay 
and qRT- PCR assays. As expected, the results indicated that they 
inhibited viral infection in Calu- 3 and Vero E6 cells (Fig. 3C and 
SI Appendix, Fig. S7). The concentrations required to inhibit 50% 
viral entry (EC50) for soluble TfR, Tf, anti- TfR antibody, SL8, 
and QK8 were 92, 98, 35, 9,000, and 3,600 nM and 120, 132, 
34, 1,100, and 3,500 nM, respectively (Fig. 3C and SI Appendix, 
Fig. S7). No cytotoxicity was observed, even at concentrations 
up to 1,000 nM. The time- of- addition assay showed that the 
anti- TfR antibody and SL8 efficiently functioned at the full- time 
and entry stages in the Calu- 3 and Vero E6 cells (Fig. 3 D and 
E and SI Appendix, Fig. S8). More significant antiviral effect of 
anti- ACE2 antibody combined with anti- TfR antibody or SL8 
at the entry stage (SI  Appendix, Fig.  S9). In addition, soluble 
TfR, Tf, anti- TfR antibody, and peptides significantly inhibited 
SARS- CoV- 2- s pseudovirus entry in Calu- 3 cells, rarely inhibited 

Fig. 2. Direct interaction between spike and human TfR. (A) Interaction between spike protein and TfR was analyzed by ELISA. Data represent mean ± SD of six 
independent experiments, ***P < 0.001 by the unpaired t test. (B) SPR analysis of TfR- spike s1- s2 protein interaction. (C) SPR analysis of the interaction between 
TfR and spike protein receptor- binding domain (RBD). (D) Effects of inhibitory peptides (SL8 and QK8) on TfR- spike protein interaction were analyzed by SPR. (E) 
Effects of SL8 and its scrambled peptide (SL8- scr) on TfR- spike protein complex formation were analyzed by Co- IP. (F) TfR mutants (A529I, K531A, V532A, and 
K534A; 2 μg) were incubated with wild- type spike (2 μg), anti- spike antibody (5 μg), and protein A agarose (20 μL) overnight. Binding was measured by Co- IP. 
Images are representative of at least three independent experiments. IP: immunoprecipitation; IB: immunoblotting.
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Fig. 3. Physiological occurrence of TfR- dependent SARS- CoV- 2 endocytosis. (A) The Co- IP of spike with TfR during cell surface binding and endocytosis in human 
lung adenocarcinoma (Calu- 3) cells infected with SARS- CoV- 2. Images are representative of at least three independent experiments. (B) The co- localization of 
TfR (5- nm gold colloid, yellow arrow) and spike protein (15- nm gold colloid, red arrow) was observed during cell surface (Top) and endocytosis (Bottom) in SARS- 
CoV- 2 pseudovirus- infected HEK293/hACE2 cells by immuno- electron microscopy. SARS- CoV- 2 pseudovirus (blue arrow) is shown. (Scale bar, 8 nm.) Images are 
representative of at least three independent experiments. (C) Calu- 3 cells were infected with SARS- CoV- 2 (MOI, 0.05) and treated with different concentrations of 
TfR, Tf, anti- TfR antibody (TfR Ab), or different doses of inhibitory peptides (SL8 and QK8), and the concentration required to inhibit 50% viral entry was evaluated 
by the plaque assay and qRT- PCR, respectively. (D) Time- of- addition experiments (full- time, entry, and post- entry treatment) of the anti- TfR antibody (50 nM) or 
interference peptide SL8 (10 μM) were assayed in infected cells by plaque assay. (E) Corresponding quantification is shown at the Bottom. Data represent mean 
± SD of three independent experiments, *P < 0.05, **P < 0.01 by the unpaired t test. (F) Vero E6 cells were infected with SARS- CoV- 2 (MOI, 0.2) or uninfected 
(MOCK) for 2 h. Cells were labeled with both anti- TfR and anti- spike antibodies to observe TfR- spike protein co- localization. Cell nuclei were labeled by DAPI. 
White arrows indicate TfR- spike protein- positive structures on cell surface. Red arrows indicate endocytic TfR- spike protein- positive structures. (Scale bar,  
10 μm.) Images are representative of at least three independent experiments. Vero E6 cells were infected with SARS- CoV- 2 or treated with TfR Ab (500 nM) for 
30 min and 24 h. TfR- dependent SARS- CoV- 2 endocytosis was determined by electron microscopy (G). Virion (red arrows) is shown. Images are representative 
of at least three independent experiments. (Scale bar, 1 μm.) IP: immunoprecipitation; IB: immunoblotting.
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SARS- CoV- 1- s and VSV- g (vesicular stomatitis virus glycoprotein) 
pseudovirus entry (SI Appendix, Fig. S10). As illustrated in Fig. 3F 
and SI Appendix, Fig. S11, confocal microscopy showed that TfR 
was found at a high density on the surface of Vero E6 and Calu- 3 
cells. Following SARS- CoV- 2 infection in cells, significant co- 
localizations of TfR and SARS- CoV- 2 were observed at the cell 
surface and during endocytosis. In contrast, the anti- TfR antibody 
inhibited these co- localizations (Fig. 3F and SI Appendix, Fig. S11). 
To further investigate the SARS- CoV- 2 internalization pathway, 
we performed electron microscopy of Vero E6 cells infected with 
SARS- CoV- 2 for 30 min and 24 h. Viral particles were detected in 
both clathrin- coated pits and cytosol inside completely invaginated 
vesicles, while the anti- TfR antibody significantly inhibited the 
viral internalization (Fig. 3G). These results indicate that TfR can 
mediate SARS- CoV- 2 endocytosis by directly interacting with the 
virus spike protein.

TfR- Mediated SARS- CoV- 2 Infection Is ACE2 Independent. As TfR 
appears to mediate SARS- CoV- 2 endocytosis (as shown above), 
we further investigated whether this ability is ACE2- dependent. 
ACE2 was deleted (ACE2 KO) in Calu- 3 and Vero E6 cells, which 
were then infected with SARS- CoV- 2 (SI Appendix, Fig.  S12). 
Unexpectedly, ACE2 deficiency only partially inhibited SARS- 
CoV- 2 infection (~40 to 50%) in those cells, suggesting that ACE2 
is not the sole receptor mediating the viral infection (Fig. 4A and 
SI Appendix, Fig. S13). Notably, ACE2 knockout in combination 
with a TfR decoy (soluble TfR) further inhibited SARS- CoV- 2 
infection (Fig.  4A and SI  Appendix, Fig.  S13). Because TfR 
deficiency is lethal, we constructed TfR knock- down (TfR KD) 
cells to assess the function of TfR as an independent receptor. 
TfR KD inhibited viral infection by ~30% (ACE2 KD ~40%), 
whereas TfR overexpression (TfR OE) significantly increased viral 
infection by ~249% (ACE2 OE ~1,000%, Fig. 4B and SI Appendix, 
Figs. S14 and S15). Importantly, TfR OE and KD did not affect 
ACE2 expression (SI Appendix, Fig. S16). To further determine 
whether human TfR mediated SARS- CoV- 2 infection, BHK- 21 
cells (SI Appendix, Fig. S17), which are non- permissive to SARS- 
CoV- 2 entry (48), were overexpressed with human TfR and then 
infected with SARS- CoV- 2 virus or pseudovirus. As illustrated 
in Fig. 4 C and D and S18, BHK- 21 cells overexpressing human 
TfR and ACE2 were susceptible to SARS- CoV- 2 infection and 
the Omicron had higher infectivity to overexpressed human TfR 
and ACE2 cells. These results, combined with direct TfR- SARS- 
CoV- 2 interactions suggest that human TfR is a receptor mediating 
viral infection.

Mice Overexpressing hTfR Are Susceptible to SARS- CoV- 2 
Infection. Wild- type C57 mice are not susceptible to SARS- CoV- 2 
infection (49). To investigate the infection efficiency of SARS- 
CoV- 2 to hTfR and hACE2, we constructed hTfR and hACE2 
mouse models by transducing adenoviral vector (Ad5)- expressing 
human TfR (Ad5- hTfR) and Ad5- hACE2 intranasally into C57 
mice as described in previous research (50) (SI Appendix, Fig. S19). 
Viral loads were detected in the lungs of Ad5- empty/hTfR/ACE2 
mice infected with SARS- CoV- 2 at 1- , 3- , and 5 d post- infection 
(dpi) (Fig. 4E). The viral load in the lung of Ad5- hACE2 and Ad5- 
hTfR mice maintained to a level that was still significantly higher 
than infected Ad5- empty mice from 3 to 5 dpi. Histopathological 
examination of lung sections indicated that hTfR/hACE2 mice 
had typical interstitial pneumonia, characterized by significant 
infiltration of large numbers of lymphocytes and macrophages, 
hyaloid membrane formation, and pulmonary consolidation 
(Fig. 4F). These results indicate that hTfR mice were susceptible 
to SARS- CoV- 2 infection.

Anti- TfR Antibody Shows Significant Anti- SARS- CoV- 2 Effects 
in Monkeys. The in vivo effects of anti- TfR antibody on SARS- 
CoV- 2 infection were evaluated in a rhesus macaque model. 
Results showed that anti- TfR antibody inhibited SARS- CoV- 2 
replication and alleviated pneumonia in the monkeys (Fig. 5). At 
7 dpi, the viral load in the lungs of the control group was ~108 
copies/ng total RNA, whereas that in monkeys treated with the 
antibody (1.6 mg/kg intravenous injection administration at day 
0, once per day) decreased to ~106 copies (Fig. 5A). Viral loads in 
respiratory epithelium of treated with anti- TfR antibody group 
were significantly inhibited at 3 to 7 dpi (Fig. 5B). The decrease in 
monkey body weight caused by viral infection was also inhibited by 
anti- TfR antibody (Fig. 5C). Radiographic pulmonary infiltration 
is a hallmark of COVID- 19 in humans (51, 52). Here, radiographs 
taken on 0 and 5 dpi showed significantly less severe pulmonary 
infiltration in the macaques treated with anti- TfR antibody than in 
the saline control group (Fig. 5 D, Top). No significant pulmonary 
lesions were observed in the antibody- treated group while varying 
degrees of lung lesions at the gross pathological scale were observed 
in the control macaques (Fig. 5 D, Bottom). Histological evaluation 
showed severe (2/3) subpleural interstitial pneumonia and minimal 
(2/3) infiltration of neutrophils and congestion (2/3) in the vehicle- 
treated animals. However, only minimal (2/3) and moderate (1/3) 
subpleural interstitial pneumonia and minimal (1/3) infiltration 
of neutrophils were observed in the antibody- treated animals 
(Fig. 5 E, Top). IHC assay revealed that fewer viral antigens were 
detected in the lungs of macaques treated with anti- TfR antibodies 
compared with the saline control group (Fig. 5 E, Bottom). These 
results further confirmed the anti- SARS- CoV- 2 effects of the anti- 
TfR antibody.

Discussion

SARS- CoV- 2 has been detected in almost all human organs, 
including lungs, pharynx, heart, liver, brain, kidneys, and digestive 
system organs. However, ACE2 expression is deficient in many 
human tissues, such as brain (0%) and lungs (0.1%) (23). Single- 
cell sequencing data indicated the presence of SARS- CoV- 2 RNAs 
in various immune cell types, including neutrophils, macrophages, 
plasma B cells, T and NK cells, but ACE2 is not expressed in these 
cells (29). All the studies suggest the presence of additional recep-
tor for SARS- CoV- 2 viral entry. Especially, ubiquitously expressed 
membrane receptors might be the candidates.

In the present study, we identified human TfR, a ubiquitously 
expressed membrane protein (41), as a receptor for SARS- CoV- 2. 
TfR mediated SARS- CoV- 2 infection by directly binding to the 
spike protein with high affinity and transporting the virus into 
the host cells. Interference with the TfR and SARS- CoV- 2 inter-
action using soluble TfR, Tf, anti- TfR antibody, or designed pep-
tides inhibited viral infection. Notably, the anti- TfR antibody 
showed promising antiviral effects in the rhesus macaque model. 
This work not only provided a potential antiviral strategy but also 
established an hTfR- expressing mouse model that could be used 
for studies on viral infection and drug screening.

Both TfR and Tf participate in essential cellular iron uptake. 
However, emerging evidence also suggests that many viruses use 
the host TfR to enter cells, which is thus a viral target for infection 
(41–43). Microbe infection causes iron deficiency and anemia 
(53) and both induce TfR expression (54). Our results showed 
that TfR expression was up- regulated by SARS- CoV- 2 infection. 
Both the entry and infectivity of various viruses depend on the 
TfR trafficking pathway (42, 43, 55–66). Given that TfR is one 
of the most ubiquitously and highly expressed plasma membrane 
components, it is an attractive target for viruses to initiate host 
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cell infection (42, 43). As illustrated in Fig. 1, high levels of TfR 
were found in mice’s respiratory tracts, thus increasing the possi-
bility that SARS- CoV- 2 infection is predominantly transmitted 
among humans via the respiratory route.

Human TfR directly binds to the spike protein of SARS- CoV- 2 
with a binding affinity of KD 2.95 nM, similar to the binding affinity 
range (31.59 to 4.67 nM) reported for ACE2 and SARS- CoV- 2 
and SARS- CoV in previous studies (16–20). However, mouse TfR 
showed no interaction with the spike protein. The physiological 

occurrence of TfR- SARS- CoV- 2 interactions was further confirmed 
by Co- IP analysis. Co- IP analyses further confirmed the physiolog-
ical interactions of TfR- SARS- CoV- 2. TfR mutant experiments 
showed that A529 is essential for human TfR- spike protein inter-
actions (Fig. 2F), and interestingly, the position is alanine in both 
humans and monkeys and is isoleucine in Syrian hamsters, mice, 
and rats, which may have contributed to the fact that spike does 
not bind to the TfR in Syrian hamsters, mice, and rats, making 
them highly tolerant to SARS- CoV- 2 (SI Appendix, Fig. S4). 

Fig. 4. TfR- mediated SARS- CoV- 2 infection is ACE2 independent in both cellular and mouse models. (A) The inhibitory effect of ACE2- knockout (KO) and TfR 
decoy (TfR 200 nM) on virus infection (MOI, 0.2) was detected by plaque assay and quantified. (B) TfR overexpressed (OE) and knock- down (KD) Calu- 3 and Vero 
E6 cells were infected with SARS- CoV- 2 (MOI, 0.05), virus titer was detected by plaque assay. Data represent means ± SD of three independent experiments, 
*P< 0.05, **P< 0.01, ***P < 0.001 by one- way ANOVA with Dunnett’s post- hoc test. Baby hamster Syrian kidney cells (BHK- 21) were overexpressed with human 
TfR (hTfR) and ACE2 (hACE2), (C) viral RNA was quantified by RT- qPCR assay at 48 h post infection with SARS- CoV- 2 original strain and Omicron variant (MOI, 
0.4). (D) SARS- CoV- 2 original strain and Omicron variant pseudovirus were inoculated and luciferase activity was measured. Data represent mean ± SD of three 
independent experiments, *P < 0.05, **P < 0.01, ***P < 0.001 by the unpaired t test. (E) Ad5- empty/hTfR/hACE2 transfected C57 mice were infected with SARS- 
CoV- 2. Five lung lobes from all mouse groups were harvested for evaluation of viral loads at 1, 3, and 5 dpi, respectively. (F) Histopathological changes in mouse 
lung sections from all groups at 5 dpi were analyzed by hematoxylin and eosin (H&E) staining. Corresponding quantification is shown on the Right. (Scale bar, 
50 μm.) Data represent mean ± SD (n = 6), *P < 0.05, ***P < 0.001 by the unpaired t test.
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Electron and confocal microscopy indicated that TfR mediated 
SARS- CoV- 2 endocytosis. In virus- infected cells, the TfR- virus 
complex was found both on the cell surface and during endocytosis, 
while the anti- TfR antibody inhibited virus entry and infection. 
Notably, in Vero E6 cells, ACE2 knockout only partially blocked 
SARS- CoV- 2 infection by 40 to 50%, whereas TfR knockdown 
significantly inhibited infection by ~30% and its overexpression 
increased infection by ~249%, indicating that TfR plays an impor-
tant role in SARS- CoV- 2 infection and its function is ACE2 inde-
pendent. Furthermore, ACE2 knockout combined with a soluble 
TfR decoy further inhibits viral infection. Normal baby hamster 
Syrian kidney cells are known to be non- permissive to SARS- CoV- 2 
entry (48), but human TfR over- expression made it possible to be 
infected by the virus in the cells. In addition, hTfR mice were 
susceptible to SARS- CoV- 2 infection (Fig. 4 E and F). Combined 
with TfR’s ubiquitous and high expression in membranes, these 
data indicate that the TfR- spike protein complex acts as a machinery 
to mediate SARS- CoV- 2 entry (SI Appendix, Fig. S20).

SARS- CoV- 2 can enter host cells by two different pathways, 
either by fusion with the plasma membrane under activation of the 
cell surface protease TMPRSS2, or by endocytosis under activation 
of tissue proteases to fuse with the endonuclease/lysosomal mem-
brane (67). Recent studies have shown that SARS- CoV- 2 can use 
spike binding to TMEM106B (37) or NPC1 (38) to enter cells via 
endocytosis, TfR is likely to have a similar function to TMEM106B 
and NPC1. TMEM106B and NPC1 are located in endosomes, a 
few in the plasma membrane. In contrast, TfR is widely distributed 
in most cells and is abundantly expressed in both the plasma mem-
brane and endosomes. Thus, TfR may be a “virus- binding ligand” 
that serves as an alternative infection pathway for viruses, facilitat-
ing viral entry into receptor-  and protease- rich endosomes through 
endocytosis (SI Appendix, Fig. S20).

Iron overload is increasingly implicated as a contributor to the 
pathogenesis of COVID- 19 (68–72). The high- affinity binding 
of the SARS- CoV- 2 spike protein to TfR may interfere with the 
transport of iron by TfR- Tf to intracellular storage and utilization 

Fig. 5. Anti- TfR antibody shows significant anti- COVID- 19 effects in the rhesus macaque model. Monkeys were randomly assigned to saline (SARS- CoV- 2, 
n = 3) or anti- TfR antibody- treated groups (SARS- CoV- 2 + 1.6 mg/kg monkey TfR Ab, n = 3) and inoculated with SARS- CoV- 2 via intratracheal and intranasal 
administration. (A) All seven lung lobes from all monkey groups were harvested for evaluation of viral loads at 7 dpi. No viral RNA was detected in six of the 
forty- two samples, two of them from the lower left lobe of monkey 3 and the remaining from the middle and lower right lobe of monkey 1. (B) Viral loads in 
respiratory epithelium. (C) The body weight change of every monkey was recorded, 1 to 3: SARS- CoV- 2 infected group, 4 and 5: SARS- CoV- 2 and TfR Ab treatment 
group. (D, Top) Radiographs of each animal taken on 0 and 5 dpi are shown. (D, Bottom) The pulmonary infiltration area is marked with a red circle. Photographs 
of lung specimens of all monkey groups at 7 dpi are shown. (E) Histopathological changes and IHC in lung sections of all monkey groups at 7 dpi were analyzed 
by H&E staining and anti- spike antibody staining. Corresponding quantification is shown on the Right. (Scale bar, 50 μm.) Data represent mean ± SD (n = 3),  
*P < 0.05, **P < 0.01, ***P < 0.001 by the unpaired t test (A and E) or two- way ANOVA and Fisher’s least significant difference (LSD) tests (B).
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(73), leading to iron overload (74). Iron overload plays a key role 
in influencing the susceptibility of cells to ferroptosis (75–77) and 
may further contribute to multi- organ damage and complications 
(78–80). As viral infection up- regulates the expression of TfR in 
mice and monkeys (Fig. 1 C and D), it may lead to increased 
susceptibility to viral infection (Fig. 4 B–E) and further lung dam-
age (Figs. 4F and 5 D and E).

Notably, the soluble TfR, Tf, anti- TfR antibody, and peptides 
significantly blocked SARS- CoV- 2 entry into Calu- 3 and Vero 
E6 cells by interfering with TfR- SARS- CoV- 2 interaction, 
anti- ACE2 antibody combined with anti- TfR antibody or SL8 
has more significant antiviral effects, thus providing strategies for 
anti- SARS- CoV- 2 treatment and for developing potent thera-
peutic agents. In vivo administration of the anti- TfR antibody 
significantly inhibited SARS- CoV- 2 replication and alleviated 
pneumonia in the monkey model, showing promising antiviral 
potential. In addition, the designed peptides (SL8 and QK8), 
which interfere with TfR- SARS- CoV- 2 interactions, showed 
efficacy in inhibiting virus entry, suggesting an approach to design 
small antiviral molecules.

Materials and Methods

Cells and Virus. Calu- 3, Vero E6, and BHK- 21 cell lines were cultured in DMEM 
(Gibco), 10% FBS at 37 °C in 5% CO2. The original SARS- CoV- 2 strain (GD108) 
and the SARS- CoV- 2 Omicron variant (B.1.1.529) were propagated in the Vero 
E6 cells and amplified. For additional details, see SI Appendix.

SPR Analysis. BIAcore 2000 (GE) was used to analyze the interaction between 
TfR and the spike protein or spike protein RBD. The data were analyzed using 
BIAevaluation software, version 4.1 (GE). For additional details, see SI Appendix.

Electron Microscopy. Vero E6 and Calu- 3 cells infected with SARS- CoV- 2 for 
30 min and 24 h were harvested by centrifugation at 500×g for 5 min. Cells 
were fixed with 2.5% glutaraldehyde without re- suspending the pellet at 4 °C 
overnight. Sections were made and stained with 2% uranium acetate and lead 
citrate after cells were embedded in epoxy resin and ultrathin. Slides were imaged 
under an electron microscope (JEM 1400Plus).

Immuno- electron microscopy was used to observe the co- localization of TfR 
and the spike protein in HEK293/hACE2 (OEC001, Sino Biological) and BHK- 21/
hTfR cells infected with SARS- CoV- 2- s pseudovirus (PSV001, Sino Biological), with 
the sections prepared as described above. Sections were incubated with corre-
sponding primary antibodies (mouse anti- human TfR antibody (11020- MM04, 
Sino Biological); rabbit anti- SARS- CoV- 2- spike antibody (40150T62- COV2, Sino 
Biological) for 2 h at room temperature overnight after blocking with 1% BSA for 
30 min. Subsequently, the sections were washed with PBS and incubated with 
1% BSA for another 30 min. Secondary antibodies (5- nm gold- colloid labeled 
goat anti- mouse IgG (G7527, Sigma- Aldrich) and 15- nm gold- colloid labeled 
goat anti- rabbit IgG (ab27236, Abcam) were used to determine the localization 
of target proteins. Slides were imaged under an electron microscope as described 
above.

Antiviral Evaluation. To evaluate the antiviral efficacy of TfR (11020- H07H, Sino 
Biological), Tf (T4382, Sigma), anti- TfR antibody (self- produced), and interference 
peptides, the Calu- 3 and Vero E6 cells were pretreated with different doses of 
these samples for 1 h, and the virus (multiplicity of infection, MOI, 0.05) was sub-
sequently added to allow infection for 1 h. The virus- protein mixture was removed, 
and cells were further cultured with fresh protein- containing medium. At 48 h, 
the Intracellular viral RNA was extracted by using TRIzol reagent (15596018CN, 
Invitrogen) as recommended by the manufacturer, the cell supernatant was col-
lected and lysed in lysis buffer (15596018, Thermo) for qRT- PCR, as described 
previously (81, 82). The qRT- PCR protocols were performed as described above 
(83). The supernatants from infected cells as above were added to fresh Vero E6 
cells and incubated for 2 h at 37 °C and discarded. Cells were overlaid with 2 mL 
of a mix of 4% agarose and 2X DMEM medium with 4% FBS and incubated at  
37 °C for 2 d, followed by fixation with 4% formaldehyde. After overlay removal, 
cells were stained with 0.5% crystal violet, washed, and dried. Plaques were 

counted for the determination of viral titer. The primer and probe sequences 
were listed as follows:

SARS- CoV- 2- Forward: 5′- GGGGAACTTCTCCTGCTAGAAT- 3′
SARS- CoV- 2- Reverse: 5′- CAGACATTTTGCTCTCAAGCTG- 3′
SARS- CoV- 2- Probe: 5′- FAM- TTGCTGCTGCTTGACAGATT- TAMRA- 3′

CRISPR/Cas9- Mediated ACE2 Knockout. We used the CRISPR/Cas9 system to 
establish stable ACE2 knockout in Calu- 3 and Vero E6 cells. We designed guide 
RNA (gRNA) sequences (gRNA1: TGCTGCTCAGTCCACCATTG for monkey ACE2, 
gRNA2: ACAGTTTAGACTACAATGAG for human ACE2) targeting the ACE2 locus 
and cloned into the lentiCRISPRv2 puro plasmid (98290, Addgene plasmid). 
Constructed plasmids were co- transfected into HEK- 293T cells with packaging 
plasmids pCMV- dR8.91 (VT1441, YouBio) and pMD2.G (VT1443, YouBio) at a ratio 
of 10:5:2. The culture medium was collected and filtered. The resulting superna-
tant containing lentiviral particles was used to infect the Vero E6 and Calu- 3 cells. 
After 24 h of puromycin screening, a single- cell culture was established using 
the limiting dilution method. The ACE2- null clones were screened by DNA and 
cDNA sequencing, western blotting, and flow cytometry.

TfR and ACE2 Overexpression and Knockdown. The coding region of the 
green monkey TfR (GenBank: 103242011), green monkey ACE2 (GenBank: 
103231639), human TfR (GenBank: 7037), and ACE2 (GenBank: 59272) were 
synthesized and cloned into the pLVX- Puro lentiviral plasmids (Clontech, USA) 
as per our previous study (84). The oligonucleotides of the shRNA sequence tar-
geting the green monkey TfR, green monkey ACE2, human TfR, and human ACE2 
were synthesized by Sangon Biotech and inserted into the BamHI and EcoRI 
sites of the RNAi- Ready pSIREN- RetroQ retroviral vector (Clontech), as described 
previously (84). The lentiviral vector for overexpression and retroviral vector for 
knockdown were transfected into Calu- 3 and Vero E6 cells to construct overex-
pression or knockdown cells, respectively. BHK- 21 cells (were overexpressed with 
human TfR and ACE2) using the same method described above. SARS- CoV- 2s and 
SARS- CoV- 2s Omicron (PSV017, Sino Biological) pseudovirus were inoculated 
and luciferase activity was measured as described above. Virus titers were also 
measured in human TfR and ACE2 overexpressed BHK- 21 cells by RT- qPCR assay 
at 48 h post infection with SARS- CoV- 2 (MOI, 0.4) as described above. The shRNA 
sequences were listed as follows:

Human TfR shRNA: 5′- GAACTTCAAGGTTTCTGCCAGCTT- 3′
Human ACE2 shRNA: 5′- GCACTTTGTCAAGCAGCTATT- 3′
Green monkey TfR shRNA: 5′- GGATCTATAGTGATTGTCATT- 3′
Green monkey ACE2 shRNA: 5′- GAGGAGACTATGAAGTAAATT- 3′

Human TfR- Expressing Adenoviral Vector Construction and Transduction 
in Mice. The adenoviral vector Ad5 (pAD100010- OE, Vigene Biosciences, China) 
expressing hTfR and hACE2 was constructed as described in other studies (50). 
Mice were anesthetized and transduced intranasally with 3 × 108 PFU of Ad5- 
empty vector, Ad5- hTfR, and Ad5- hACE2 in DMEM (Gibco Laboratories). Mice were 
infected intranasally with 106 TCID50 SARS- CoV- 2 after 4 d of transduction. The 
mice were killed and dissected at 1- , 3- , and 5 d post- infection (dpi), respectively, 
to collect different tissues for the screening of virus titer and histopathological 
changes.

In Vivo Anti- SARS- CoV- 2 Assays of Anti- TfR Antibody in Monkeys. A rhesus 
macaque model of SARS- CoV- 2 infection was used to evaluate the effects of the 
anti- TfR antibody (self- produced) on SARS- CoV- 2 infection. Rhesus macaques 
(males, 8 y old, ~8 to 10 kg) were randomly assigned to two groups, i.e., saline 
group (n = 3) and anti- TfR antibody- treated group (1.6 mg/kg; n = 3) inocu-
lated with SARS- CoV- 2 (106 TCID50) by intratracheal and intranasal administration. 
Animals were daily checked for clinical signs after viral inoculation. The animals 
were then anesthetized with ketamine for experimental procedures, including 
body temperature and weight monitoring, sample collection, chest radiography, 
and necropsies at the indicated stages. For details regarding animals and ethics 
statement, see SI Appendix.

Statistical Analysis The data obtained from independent experiments were 
presented as the mean ± SD. All statistical analyses were two- tailed and with 
95% CI. The Kolmogorov–Smirnov test (K–S test) was used in the analysis of nor-
mal distribution, and data were then analyzed using one- way ANOVA, or two- 
way ANOVA in case of measuring the effects of two factors simultaneously, with 
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post hoc Dunnett or Bonferroni adjustment for P values. If only two groups were 
compared, the unpaired t test was applied. Data were analyzed using Prism 6 
(GraphPad Software) and SPSS (SPSS Inc.). Differences were considered significant 
at P < 0.05.

Data, Materials, and Software Availability. All study data are included in 
the article and/or SI Appendix. All the files are available at Figshare (https://doi.
org/10.6084/m9.figshare.25158179.v1) (85).
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