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Abstract The pathogenesis of severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) infec-
tion involves dysregulations of iron metabolism, and
although the mechanism of this pathology is not yet
fully understood, correction of iron metabolism path-
ways seems a promising pharmacological target. The
previously observed effect of inhibiting SARS-CoV-2
infection by ferristatin II, an inducer of transferrin
receptor 1 (TfR1) degradation, prompted the study
of competition between Spike protein and TfR1
ligands, especially lactoferrin (Lf) and transferrin
(Tf). We hypothesized molecular mimicry of Spike
protein as cross-reactivity of Spike-specific antibod-
ies with Tf and Lf. Thus, strong positive correlations
(R?>0.95) were found between the level of Spike-
specific IgG antibodies present in serum samples of
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COVID-19-recovered and Sputnik V-vaccinated indi-
viduals and their Tf-binding activity assayed with
peroxidase-labeled anti-Tf. In addition, we observed
cross-reactivity of Lf-specific murine monoclonal
antibody (mAb) towards the SARS-CoV-2 Spike
protein. On the other hand, the interaction of mAbs
produced to the receptor-binding domain (RBD) of
the Spike protein with recombinant RBD protein was
disrupted by Tf, Lf, soluble TfR1, anti-TfR1 aptamer,
as well as by peptides RGD and GHAIYPRH. Fur-
thermore, direct interaction of RBD protein with Lf,
but not Tf, was observed, with affinity of binding
estimated by K, to be 23 nM and 16 nM for apo-Lf
and holo-Lf, respectively. Treatment of Vero E6 cells
with apo-Lf and holo-Lf (1-4 mg/mL) significantly
inhibited SARS-CoV-2 replication of both Wuhan
and Delta lineages. Protective effects of Lf on differ-
ent arms of SARS-CoV-2-induced pathogenesis and
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possible consequences of cross-reactivity of Spike-
specific antibodies are discussed.

Keywords Lactoferrin - Transferrin - Transferrin
receptor - Molecular mimicry - Antibody - Severe
acute respiratory syndrome coronavirus 2

Introduction

Pandemic of severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) started in late 2019 and so
far claimed the lives of more than 6 million people.
Today coronavirus disease 2019 (COVID-19) remains
a serious public health problem (Aleem et al. 2022).
Poor understanding of molecular mechanisms of
infection and its complications, as well as the lack of
remedies against SARS-CoV-2 with proven efficacy
requires that research on this virus be continued. The
studies on the design of SARS-CoV-2 antivirals are
complicated by the presence of multiple receptors on
a host cell surface that the virus uses to enter the cell,
such as angiotensin-converting enzyme 2 (ACE2),
neuropilin-1, CD147, tyrosine-protein kinase recep-
tor UFO (AXL) and other co-receptors (Scialo et al.
2020; Shang et al. 2020; Zhang et al. 2020; Wang
et al. 2020a, 2021; Wei et al. 2020; Daly et al. 2020;
Cantuti-Castelvetri et al. 2020; Jackson et al. 2022).
Dysregulation of iron metabolism in SARS-CoV-
2-infected patients, which is associated with onset
of hypoxia, inflammation, and the response to oxida-
tive stress has been widely reviewed (Cavezzi et al.
2022; Naidu et al. 2022; Kronstein-Wiedemann et al.
2022; Suriawinata and Mehta 2022). In this regard,
the therapeutic potential of lactoferrin (Lf), a cati-
onic homologue of serum transferrin (Tf), has been
widely discussed as a regulator of inflammation, iron
metabolism, tolerance to hypoxia and oxidative stress.
Suriawinata and Mehta (2022) first discussed SARS-
CoV-2-related dysregulations of iron metabolism in
view of the transferrin receptor (TfR1) involvement
in the infection (Tang et al. 2020a, b). Interestingly,
the severity of COVID-19 is shadowed by the level
of ferritin (Suriawinata and Mehta 2022), the heavy-
chain form of which also interacts with TfR1. How-
ever, the binding site for ferritin is different from that
for Tf (Sakamoto et al. 2015).

Interaction of TfR1 and ACE2 with Spike pro-
tein, excessive susceptibility to SARS-CoV-2 of mice
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transgenic for human 7fRI, and protective effects of
antibodies against TfR1 that reduce the severity of
pathological changes in the lungs of infected mice
have been demonstrated (Tang et al. 2020a, b). We
pursued this area of research by testing the effect of
TfR1 degradation on infection of Vero cells by SARS-
CoV-2. Thus, we observed dose-dependent inhibi-
tion of SARS-CoV-2 replication (IC5,~6-40 pM), as
well as abrogated endocytosis of the receptor-binding
domain (RBD) of Spike protein after treatment of
cell culture with ferristatin IT (Sokolov et al. 2022a,
b). This compound induced degradation of TfRI1
(Byrne et al. 2013), and was initially discovered in
screening small-size inhibitors of iron influx into can-
cer cells (Brown et al. 2004). Byrne and colleagues
(2013) hypothesized that ferristatin II releases human
hemochromatosis protein (HFE) from its complex
with TfR1 (Lebron et al. 1999), which results in TfR1
degradation and up-regulation of hepcidin. Although
ferristatin II (also known as direct black 38, Chlora-
zol black E, C.I. 30,235) was non-toxic for cultured
Vero cells and effectively altered iron metabolism in
mice and rats, it is degraded to benzidine metabolites
and cannot be used directly in humans (Dewan et al.
1988; Romer et al. 2014; Alkhateeb et al. 2015). Nev-
ertheless, inhibiting SARS-CoV-2 entry by targeting
TfR1 on the host cells, rather than the viral mutation-
prone Spike protein, seems to be a promising thera-
peutic strategy.

The key role of TfR1 in cancer cell growth and
TfR1-mediated penetration through the blood—brain
barrier prompted the studies of several “anti-cancer”
and “brain-directed” TfR1-binding molecules and
their derivates, including Tf and Lf conjugates, syn-
thetic peptides, i.e. HAIYPRH (also known as T7),
aptamers, and monoclonal antibodies (mAbs) (Luck
and Mason 2013; Mahidhara et al. 2015; Liang
et al. 2018; Ayo et al. 2021; Candelaria et al. 2021;
Zhang et al. 2022). RGD motif (integrin-binding
motif) of TfR1 is involved in binding of Tf and Lf,
as was demonstrated in structural studies of the com-
plex formed by Tf and TfR1 (Dubljevic et al. 1999;
Xu et al. 2005; Sakamoto et al. 2006). A mutation
(R646H/G647A) in RGD-motif of TfR1 reduced
cellular uptake of holo-Tf, but had no effect on
heavy-chain ferritin uptake (Sakamoto et al. 2015).
Noteworthy, the RBD of Spike protein of all SARS-
CoV-2 lineages also contains RGD motif, whereas
it is absent in previous human coronavirus variants
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(Dakal 2021; Makowski et al. 2021; Othman et al.
2022; Norris et al. 2022). Moreover, the interaction
of Spike protein with bovine Lf has been reported in
at least three studies (Campione et al. 2021; Miotto
et al. 2021; Cutone et al. 2022). Several studies dem-
onstrated protective effects of Lf (recombinant and
milk-derived) against SARS-CoV-2 infection in vitro
(Campione et al. 2021; Prieto-Fernandez et al. 2021;
Salaris et al. 2021; Mirabelli et al. 2021; Hu et al.
2021; Lai et al. 2022; Worting et al. 2022; Cutone
et al. 2022). Different mechanisms of antiviral effect
of Lf have been proposed, but not all papers contain
information on the degree of iron saturation of Lf. In
neutrophils granules, milk and other exocrine secre-
tions, Lf is present predominantly in the apo-form
(Masson et al. 1966; Britigan et al. 1994). The affinity
of Lf to Fe(Ill) is much less affected by a decrease
in pH, as compared with Tf, which is usually attrib-
uted to the noticeable bacteriostatic effect of apo-Lf
(Brock 1980; Baker and Baker 2004). In the last two
decades the anti-anaemic effect of Lf and its involve-
ment in iron metabolism, especially in regulation of
IL-6 and hepcidin effects, have been extensively stud-
ied (Cutone et al. 2014; Rosa et al. 2017; Lepanto
et al. 2019; Artym et al. 2021). Iron-saturation of Lf
affects the expression of TfRI gene, i.e. apo-form of
Lf up-regulates TfR1 via hypoxia-inducible factor
(HIF) pathway; in contrast, holo-Lf down-regulates
the expression of TfR1 (Zhang et al. 2021). It is worth
noting that Tf and Lf also interact with glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) which
mediates Tf uptake and a rapid response to hypoxia
(Kumar et al. 2012; Rawat et al. 2012; Malhotra
et al. 2019). Other recent reviews on Lf structure and
functions include its interactions with intelectin-1
(omentin-1), CD14, chemokine receptor 4 (CXCR4),
and low-density lipoprotein receptor-related protein
(LRP) in cellular receptors list, but interaction of Lf
with TfR1 received little attention (Li and Guo 2021;
Artym et al. 2021; Suzuki et al. 2005; Lepanto et al.
2019; Elzoghby et al. 2020; Godinez-Chaparro et al.
2021) or was fully neglected (Kawakawi et al. 1990;
Mahidhara et al. 2015; Kell et al. 2020; Bartolomé
et al. 2022). Interestingly, TfR1 is regarded as cel-
lular receptor of Lf in a recent survey of its antiviral
activity, and the corresponding scheme is presented
(Ward et al. 2022). However, participation of TfR1
in interaction with SARS-CoV-2 is not mentioned,
although the paper largely deals with an impact of

viral infections on iron metabolism and describes the
mechanisms of antiviral effect of Lf against SARS-
CoV-2, in particular of the protein from cow milk
(Ward et al. 2022). Taking into account the homology
of Tf and Lf and their interaction with RGD-motif of
TfR1, our study was focused on Tf and Lf, despite
that the list of natural ligands of TfR1 also includes
HFE, heavy-chain ferritin, haem-albumin (Jennifer
et al. 2020) etc. Considering TfR1-HFE-mediated
up-regulation of hepcidin and high levels of hepcidin
and ferritin in serum samples obtained from severe
COVID-19-infected patients (Zhou et al. 2020), we
cannot exclude that COVID-19 infection alters the
interaction of TfR1 with HFE and/or heavy-chain
ferritin.

We hypothesized a molecular mimicry of SARS-
CoV-2 Spike protein with Tf and Lf. To test this
hypothesis, we examined the cross-reactivity of anti-
bodies against Spike protein, Tf and Lf; the com-
petition between Spike protein and synthetic TfR1
ligands, as well as Tf and Lf; and finally, the anti-
viral effects of apo- and holo-Lf.

Materials and methods
Materials

The following reagents were used in the study: anti-
TfR polyclonal rabbit antibody (ab84036, Abcam,
UK); bovine serum albumin (BSA), dimethyl sul-
foxide (DMSO), horseradish peroxidase (HRP) with
RZ> 3.0 (Amresco, USA); recombinant SARS-CoV-2
Spike protein (1-1208 a.a., trimer, AtaGenix Labora-
tories, Wuhan, China); Bio-Gel A-1.5 m, Chelex-100,
skimmed milk protein (blotting grade), HRP-labeled
antibody against mouse IgG, HRP-labeled antibody
against human IgG, HRP-labeled antibody against
rabbit IgG, Tween 20, UNOsphere Q, UNOsphere S,
(Bio-Rad, USA); acrylamide, ammonium persulfate,
glycerol, glycine, mercaptoethanol, N,N'-methylene-
bis-acrylamide, N,N,N'N'-tetramethylethylene
diamine, Tris, NaCl, KCI, (NH,),SO,, H;BO; (Heli-
con, Russia); HCI and H,SO, (Lenreactiv, Russia);
N-hydroxysuccinimide ester of 5-TAMRA (Lumi-
probe, Russia); biotinamidohexanoic acid N-hydrox-
ysuccinimide, biotin hydrazide, CM-Sepharose,
Coomassie R-250, phenylmethylsulfonyl fluoride
SDS, Sephadex G-75 Superfine, soybean trypsin
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inhibitor (STI), 3,3',5,5'-tetramethylbenzidine, Triton
X-100, trypsin from bovine pancreas (Sigma Aldrich,
USA), DEAE-Toyopearl 650-M (Toyosoda, Japan).

A recombinant protein corresponding to the recep-
tor-binding domain (RBD) of SARS-CoV-2 S protein
(Prokofyev et al. 2021) was expressed in eucary-
otic cells by BIOCAD JSC (St. Petersburg, Russia).
Aptamer against TfR1 Cy5-ACTCATAGGGTTAGG
GGCTGCTGGCCAGATACTCAGATGGTAGGG
TTACTATGAGC (Zhang et al. 2022) was synthe-
sized by the company “Evrogen” (Russia). Peptides
RGD and GHAIYPRH were synthesized by solid-
phase synthesis on a 2-chlorotrityl chloride resin
according to the Fmoc/tBu strategy using the carbodi-
imide method starting from the C-terminus. The pep-
tides were purified from side products by RP-HPLC.
To confirm the expected molecular mass the products
obtained were analyzed by mass spectrometry.

Solutions for chromatography and surface plas-
mon resonance assay were prepared using apy-
rogenic deionized water with specific resistance
18.2 MQ x cm. Following buffers were used: 150 mM
NaCl, 10 mM Na-borate buffer, pH 8.3—BBS;
150 mM NaCl, 10 mM Na-phosphate buffer, pH
7.4—PBS; BBS and PBS, supplemented by 0,05%
Tween 20—BBS-T, PBS-T; 150 mM NaCl, 10 mM
Hepes—NaOH, pH 7.4 (HBS).

Viruses

Two strains of SARS-CoV-2 were obtained from
the repository of Smorodintsev Research Institute
of Influenza (Saint-Petersburg, Russia): hCoV-19/
St_Petersburg-3524S/2020 (lineage B.1, Wuhan)
and hCoV-19/Russia/SPE-RII-32759 V/2021 (line-
age B.1.617.2, Delta). Virus stocks were generated
by infecting Vero-E6 cells at a multiplicity of infec-
tion (MOI) 0.01 using DMEM supplemented with
2% FBS, 10 mM HEPES and 1 X antibiotic—antimy-
cotic (all from Capricorn, Ebsdorfer-grund, Ger-
many). After incubation for 72 h, cell supernatants
were harvested, subjected to low-speed centrifuga-
tion to remove cell debris and stored in single-use
aliquots at — 70 °C. Viral titers were determined by
infecting 96-well plates seeded with Vero E6 cells, as
described in (Amanat et al. 2020), and expressed in
log,,TCID5y/mL.
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Isolation and purification of proteins

Recombinant human apo-Lf purified from the milk
of transgenic goats was obtained at the Belarusian
State University and RUE «Scientific and Practi-
cal Centre for Animal Production of the National
Academy of Sciences of Belarus». The product is
officially branded “CAPRABEL™” and contains
about 90% of the iron-free form of Lf (Semak et al.
2019). Tf was isolated from human blood plasma by
ion-exchange chromatography on DEAE-Toyopearl,
UNOsphere S and gel filtration on Sephadex G-75
Superfine (Sokolov et al. 2017). Apo-form of Tf was
obtained by adding 2 mM ascorbic acid to 8 mg/mL
Tf in 100 mM Na-acetate buffer, pH 5.5, the protein
was immediately dialyzed against buffer contain-
ing 100 mM Na,HPO, and 50 mM citric acid (pH
4.8), followed by the buffer replacement with HBS
using centrifuge concentrators (Vivaspin 20, cut off
30 kDa). Holo-forms of Lf and Tf were obtained
by adding 0.8 mM Fe(III) (10 mM stock solution of
NH,Fe(SO,),-12H,0 in 100 mM Na-acetate buffer,
pH 5.5) to 8 mg/mL of proteins in 200 mM Na-
phosphate-citrate buffer (pH 8.0), followed by dialy-
sis against the same buffer and filtration on a column
with Chelex-100 equilibrated with HBS.

To obtain an affinity sorbent for TfR1 purifica-
tion we used holo-Tf immobilized on Sepharose 6B
activated by BrCN (about 5 mg holo-Tf per 1 mL
of wet gel). TfR1 was purified from human placenta
with small modifications of earlier protocols (Selig-
man and Allen 1987; Turkewitz et al. 1988; Kanevsky
et al. 1997)—see Supplementary data, section S1.
Soluble form of TfR (sTfR) was obtained by limited
proteolysis of TfR with trypsin and by ion-exchange
chromatography—see Supplementary data, section
S2. Identification of TfR and sTfR by MALDI-TOF-
tryptic fingerprint was performed—see Supplemen-
tary data, section S3, Figure S1.

Obtaining rabbit polyclonal antibodies against Tf
and murine mAbs against human Lf and SARS-CoV-2
spike protein

To obtain polyclonal antibodies against Tf, rabbits
were immunized with 300 pg of purified human holo-
Tf, which was additionally cleared from admixtures
by disc-electrophoresis in detergent-free polyacryla-
mide gel (see “Electrophoresisandwestern blotting”)
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with single-well comb for sample loading. After
electrophoresis the narrow red band correspond-
ing to holo-Tf was cut out of gel. Half of the gel was
homogenized with equal volume of PBS and emul-
sion obtained was injected intracutaneously with 1/10
volume of Freund’s adjuvant (complete and incom-
plete for the first and the second injection, respec-
tively). The second half of the gel was frozen await-
ing the second injection. On the 8th, 12th, and 16th
day after the second injection blood was collected,
and separated serum was used for isolating IgG by
ammonium sulphate fractionation and affinity chro-
matography on Tf-Sepharose. Purified antibodies
were tested for specific reaction with human Tf in
samples of human serum and plasma (Western-blot-
ting and ELISA Enzyme-linked immunosorbent assay
(ELISA)).

For obtaining mAbs, the hybridoma technology
was used (Pandey et al. 2010). Briefly, 20 pg of Lf
or Spike protein with complete Freund’s adjuvant per
mouse (BALB/c) were used for the first immuniza-
tion, and after 1 month 5 pg for the second. Then, on
the 4th day, abdominal lymph nodes were removed
and lymphocytes were mixed with SP2/0-AG14 cells
(2:1). After hybridization with polyethylene glycol
(1500) cells were seeded in 96-well cultural plates
with one-day peritoneal macrophages. Hybrids were
selected in RMPI-1640 medium supplemented with
10% fetal bovine serum and HAT-reagent. Enzyme-
linked immunosorbent assay (ELISA) with Lf or
Spike protein, and BSA as negative control were used
for primary selection of clones (“ELISA”). Selected
clones (4 for Lf and 6 for Spike protein) were sub-
cloned, and individual clones were cultivated for
injecting into mice (2 million cells per animal) and
obtaining ascites. After 2 weeks ascitic fluids col-
lected from the mice were used for purification of
antibodies. Saturation by ammonium sulphate and
affinity chromatography on a resin with immobilized
Protein A allowed to obtain no less than 96% pure
IgGs according to SDS—polyacrylamide gel electro-
phoresis (SDS-PAGE) analysis (see “Electrophoresi-
sandwestern blotting”). mAbs against Lf were labeled
according to the code of a well (3E11 and 3HS),
while mAbs against Spike protein were designated
as S1-S6. Selection of mAbs reacting with RBD of
Spike protein was performed by ELISA (“ELISA”).

Labeling of proteins

Spike protein was labeled by linking biotin to primary
amino groups (Spike-A-Bi) using biotinamidohexa-
noic acid N-hydroxysuccinimide ester and to carbo-
hydrate moiety (Spike-C-Bi) using sodium periodate
oxidation of carbohydrates and biotin hydrazide.
Labeling of proteins (IgG, Lf anf Tf) with HRP was
performed by sodium periodate oxidation of HRP car-
bohydrates and conjugation with proteins, followed
by reduction of Shiff’s bases with NaBH,. Obtained
HRP-labeled proteins were stored at — 20 °C in 50%
glycerol.

Labeling by 5-TAMRA was carried out at+4 °C
for 12 h by adding 5 mM solution of N-hydrox-
ysuccinimide ester of 5-TAMRA in DMSO to
30 uM apo-Lf, apo-Tf, holo-Lf, holo-Tf, or RBD
solutions in 200 mM NaHCO;, keeping the ratio
5-TAMRA:protein=8:1 (mol/mol). After removal of
excessive dye, the degree of labeling was estimated
by the ratio of Asy; to Ayg,, which ranged from 3.2 to
3.8 mol TAMRA per mol protein.

Recruiting participants and collecting blood samples

55 serum samples were collected from 53 COVID-
19-recovered patients aged 21 to 84 years who par-
ticipated in the study of SARS-CoV-2-specific
humoral and T-cell responses (Matyushenko et al.
2021). The study was approved by the Ethics Com-
mittee of the Institute of Experimental Medicine
(protocol No 2/20 dated 7 April 2020). Serum was
sampled 1-12 months past recovery. A cohort of 24
COVID-19 naive participants (aged 24 to 91 years)
was used as a control group. A cohort of 16 Sput-
nik V-vaccinated individuals (aged 27-74 years) was
used as a positive control group. Serum was sampled
1-4 months past vaccination. Serum samples were
collected from individuals to assay anti-Spike and
anti-RBD IgG, and Tf-binding capacity of these IgGs
(“ELISA”). IgGs from representative samples of each
cohort were purified by Protein A affinity chromatog-
raphy for further Tf- and Lf-binding analyzes.
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Analytical methods
Spectrophotometry

Optical spectra were registered on SF-2000-
02  spectrophotometer  («<OKB-Spectr»,  Rus-
sia). Concentrations of purified apo-Lf, apo-
Tf, and Fe(Ill)-saturated holo-forms  were
measured using the following extinction coef-
ficients: apo-form Lf—e,g,=87,360 M~' cm™,
apo-form  Tf—e,g,=89,155 M~' cm™!, holo-
form Lf—e,;=4267 M~' cm™!, holo-form Tf—
€465 =4446 M~! cm™! (Masson 1970).

ELISA

Specific conditions of different variants of direct and
competitive ELISA performed are summarized in
Table 1. In all cases, polystyrene 96-well plates with
high-binding capacity were incubated with 100 pL
of immobilized protein (antigen or primary antibody
against analyte detected in the assay) in BBS at 4 °C
in a humidified chamber. Other reagents added into
the wells were incubated in a thermoshaker (BioSan,
350 rpm, 37 °C, commonly for 1 h). Prior to the
addition of the next reagent, the plates were washed
with BBS-T or PBS-T in an automatic plate washer
(PW-40, Bio-Rad). To prevent non-specific binding,
100 pL of a blocking reagent were added: 3% BSA
or 3% skimmed milk protein in BBS-T or PBS-T
(incubation for 1 h). Then, the analyte-containing
samples (interacting with immobilized protein alone
or with a competitor) were added. Next, either a
chromogenic mixture (in case of competitive assay
of HRP-labeled analyte) or HRP-labeled streptavidin
(in case of biotin-labeled analyte) or HRP-labeled
specific antibody was added. For HRP-labeled rea-
gents, 100 pL of a chromogenic mixture containing
0.5 mM 3,3',5,5'-tetramethylbenzidine and 2 mM
hydrogen peroxide in 50 mM Na-acetate buffer (pH
5.5) were added. After development of the blue color
(5-30 min), the reaction was terminated by adding
50 pL of 1 M H,SO,. Absorbance at 450 nm was
registered in a microplate reader CLARIOstar (BMG
Labtech, Germany).

ELISA of mouse 1gG against Lf and spike protein
in culture medium for selection of hybridomas For
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selection of hybridomas (“Obtaining rabbit polyclonal
antibodies against Tf and murine mAbs against human
Lf and SARS-CoV-2 spike protein”), secretion of IgGs
against Lf or Spike protein in culture medium was
directly assayed. The level of mAbs against coated
Lf or Spike protein was measured using HRP-labeled
anti-mouse IgG (Table 1). BSA was also used as a
blocking agent and coating protein (without antigens)
for negative selection of hybridomas. mAbs raised
against Spike protein and also capable of reacting with
RBD were selected in a direct assay with HRP-labeled
anti-mouse IgG of their binding with RBD or Spike
protein on solid phase.

ELISA of 1gGs against spike protein and RBD,
and of binding human Tf with IgGs in serum sam-
ples  Each sample of serum was used in triplicate
in four types of assays. Spike protein or RBD was
immobilized on duplicate plates, followed by incuba-
tion with serum samples diluted 1:25. One of these
plates was stained for IgGs (HRP-labeled human anti-
IgG), while the other plate was stained for reaction of
IgG with Tf (HRP-labeled anti-Tf) (see Table 1). The
repeats of ELISA might vary due to numerous factors,
starting with the time interval before the reaction is
stopped and the fluctuations of the immobilized pro-
tein, and ending with the degree of dilution of sam-
ples and stock solutions of HRP-labeled reagents. A5,
was repeatedly measured in 93 samples corresponding
to the number of patients under study. For the con-
trol of intra-assay variations, each series of measure-
ments included two duplicate samples obtained from
patients recovered from COVID-19 and a duplicate
sample from naive donor. Those samples served as
the highest, the medium, and the lowest point in the
distribution of data. Upon normalization of the data
obtained, these three duplicate samples were excluded
from the overall results. The final IgG antibody level
was defined as the Ay, value multiplied by serum
dilution (X 25).

ELISA of human Tf Human Tf was assayed in sand-
wich ELISA with polyclonal rabbit anti-Tf on solid
phase (Table 1). HRP-labeled polyclonal antibodies
were applied after incubation of tested samples in
serial dilutions and of Tf standards (1-4000 ng/mL).

ELISA of binding human Lf with IgGs and Tf obtained
from serum samples Binding of human Lf was
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Reagent for analyte detec-
tion, time of incubation

Samples with analyte, time

of incubation

solution for plate washing

W)

Blocking agent (B) and

Protein on solid phase

Table 1 (continued)

I

Detected analyte or its bind- Principle of ELISA

ing (section)

Springer

50 ng/mL HRP-streptavidin

200 ng/mL Spike-A-Bi or

5 pg/mL mAbDs (clones 3H5 B—3% BSA in BBS-T;

Competitive assay of Lf

“ELISA of spike protein

in B, 30 min

40 ng/mL Spike-C-Bi and
2mg/mLof LfinB, 1 h

W—BBS-T

or 3E11) in BBS

and biotin-labeled Spike
to primary amino groups

(Spike-A-Bi) or to carbo-

binding with Lf and mAbs
against Lf”” Spike protein
binding with Lf and mAbs

against Lf

hydrate moiety (Spike-
C-Bi) for binding with

mADs against Lf

200 ng/mL HRP-labeled S6 and serial dilutions of 44 nM

2 pg/mL RBD in BBS B—3% skimmed milk

Competitive assay of

“ELISA of competitors of

sTfR, 640 nM Tf or Lf, 500 nM aptamer against TfR1,

21 pM GHAIYPRH or 120 py(M RGD, in B, 1 h

protein in PBS-T; W—

BBS-T

HRP-labeled mAb against
Spike and competitors

anti-spike mAb binding
with RBD” Competitors
of binding mADb against

Spike to RBD

(sTfR, Tf, Lf, aptamer
against TfR1, peptides

GHAIYPRH and RGD)

for binding with RBD

assayed in sandwich ELISA with HRP-labeled Lf and
IgGs or Tf on solid phase (Table 1). HRP-labeled Lf
was applied after immobilization of IgGs or purified
Tf on solid phase (5 mg/mL).

ELISA of spike protein binding with Lf and mAbs
against Lf Binding of Spike protein with Lf and
mAbs against Lf was studied in a competitive assay.
Two different mAbs against Lf (3H5 or 3E11) were
immobilized on solid phase. Aliquots of Spike protein
labeled by biotin to primary amino groups (Spike-A-
Bi) or to carbohydrate moiety (Spike-C-Bi) were added
to Lf in different concentrations (Table 1). Coopera-
tive binding of biotin-labeled Spike protein with Lf
and mAbs against Lf, or its competition with increas-
ing Lf concentrations for binding to mAbs against Lf
was detected using HRP-streptavidin conjugate.

ELISA of competitors of anti-spike mAb binding
with RBD Different ligands of TfR and sTfR were
studied as competitors of interaction between mAb
against Spike (S6) with RBD immobilized on solid
phase. Binding of HRP-labeled mAb against Spike
with different concentrations of sTfR (0.7-44 nM),
Tf or Lf (10-640 nM), aptamer against TfR1 (50—
500 nM), peptides RGD (2-120 pM) and GHAIYPRH
(0.33-21 pM) was tested (Table 1). Results of analysis
were presented as the dependence of binding on the
concentration of a competitor.

Electrophoresis and western blotting

Proteins and their complexes were resolved under
non-denaturing conditions by detergents-free disc-
electrophoresis in polyacrylamide gel (disc-PAGE)
(David 1964). Molecular weight of proteins and
their homogeneity were analyzed by electrophore-
sis in SDS-containing gel in high-molar Tris buffer
(SDS-PAGE) (Fling and Gregerson 1986). Proteins
were identified by Western blotting (Anderson et al.
1982). After semi-dry transfer, the nitrocellulose
membrane with proteins was kept for 30 min in 3%
solution of dried skimmed milk in PBS-T. The mem-
brane was left for 1 h or overnight for incubation with
a primary antibody, followed by 2-h incubation with
HRP-labeled secondary antibodies (1:1000). Bands
that bound secondary antibodies were revealed after
incubation of the membrane in the chromogenic solu-
tion obtained by mixing 2 ml of methanol containing
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6 mg of 4-chloro-1-naphtol with 10 ml of 5 mM H,0,
in PBS.

Surface plasmon resonance assay binding of Lf
to RBD

SPR measurements were carried out at 25 °C using
a carboxymethylated-dextran chip (CMS5) on dual
flowcell Biacore X 100 instrument (GE-Healthcare,
Piscataway, NJ, USA). The sensor chip was first acti-
vated with an equimolar (0.2 M) mixture of N-ethyl-
N-dimethylaminopropylcarbodiimide and N-hydroxy-
succinimide and then reacted with a solution of RBD
(230 pg/mL) in 10 mM sodium acetate buffer, pH 5.5,
injected at a flow rate of 5 pl/min for 12 min. Unre-
acted carboxymethylic groups on the sensor chip were
blocked by 1 M ethanolamine at pH 8.5. Final immo-
bilization levels of 3913 resonance units (RU) were
obtained, corresponding to approximately 3.9 ng of
bound RBD/mm?. Thereafter, increasing concentra-
tions of apo-Lf and holo-Lf (4-256 nM) were injected
over the RBD-coated sensor chip at a flow rate of
10 pl/min in 150 mM NaCl, 10 mM Hepes—NaOH,
pH 7.5, 0.05% polyoxyethylene sorbitan (HBS-P+).
Each run consisted of four steps: (1) buffer injection
for 1 min; (2) Lf injection for 1 min; (3) dissociation
for 5 min; (4) regeneration for 90 s with HBS-P+,
containing 1 M NaCl. The reference flow cell, with no
RBD immobilized, was used as a control to evaluate
non-specific binding (< 2% of Rmax) of Lf to the sen-
sor chip. The resulting control curves were subtracted
from the corresponding binding curves recorded at
each Lf concentration. The equilibrium dissociation
constant, Ky, of RBD-Lf complex was determined by
plotting the steady-state value of RU as a function of
Lf concentration, and the data were fitted to the Lang-
muir equation describing the one-site binding model.
Kinetic parameters (k,,—association rate constant,
k,s—dissociation rate constant, Kpy—equilibrium
dissociation constant, and R,,,—A binding capacity
of the surface) were calculated using the 1:1 binding
model.

Inhibition of SARS-CoV-2 replication by
RBD-binding mAb against spike protein

The virus inhibitory effect of mAb against Spike
protein (selected by RBD-binding) was studies in a
standard microneutralization assay on Vero-CCLS§1

cells, as described earlier (Matyushenko et al. 2021).
Briefly, two-fold dilutions of antibody were prepared
on DMEM/2%FBS medium in sterile U-bottom
96-well plates in a volume of 160 uL. Importantly,
tested mAbs against Spike protein were diluted in
a human serum sample (final concentration 10 pg/
mL) to ensure the presence of human serum proteins
which could potentially interfere with mAb bind-
ing to the virus. A serum sample from a COVID-19
convalescent patient was used as a positive control,
while sera from a COVID-19 naive subject was used
as a negative control. Each sample was assessed in
duplicates. Fifty microliters of each dilution were
transferred to a new 96-well plate and an equal vol-
ume of 300 TCIDs, of SARS-CoV-2 was added to
each well, followed by 1-h incubation at 37 °C. Then,
the virus-antibody mixtures were applied to 96-well
culture plates with confluent monolayer of Vero-
CCLS81 cells, followed by additional incubation for
1 h at 37 °C, 5% CO,. After adsorption, the inocu-
lum was removed and the cells were covered with
100 pL of corresponding antibody dilutions. Finally,
50 uL. of DMEM/2%FBS was added to each well,
and the plates were incubated at 37 °C, 5% CO,. Two
days later, the plates were fixed with 10% formalde-
hyde for 24 h at 4 °C, and the plates were subjected
to cell-ELISA using polyclonal rabbit antibody spe-
cific to SARS-CoV-2 Spike RBD protein (BIOCAD,
Saint Petersburg, Russia) as a primary antibody and
anti-rabbit IgG HRP-conjugated antibody (Bio-Rad)
as a secondary antibody. The plates were developed
with 1-Step™ Ultra TMB-ELISA Substrate Solution
(Thermo, USA) and the signal was read on xMark
Microplate Absorbance Spectrophotometer (Bio-
Rad). The MNj, titers were calculated using four-par-
ametrical non-linear regression analysis as described
in (Amanat et al. 2020).

Assessment of antiviral effect of lactoferrin in vitro

The antiviral effect of Lf was studied as described
earlier (Sokolov et al. 2022a), with the exception
that Vero E6 cells were used in this test. Briefly,
24-h cell monolayers in 96-well plates were
infected with 100 TCID5, of SARS-CoV-2 per well,
for 2 h at 37 °C, 5% CO,. After infection, the inocu-
lum with residual virus was removed, followed by
the addition of 150 pL of DMEM/2%FBS medium
containing various concentrations of apo-Lf and
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holo-Lf. Each Lf concentration was tested in trip-
licate, and appropriate positive and negative con-
trols were included. After incubation for 48 h (for
B.1 Wuhan strain) or 72 h (for B.1.617.2 Delta
strain), cell supernatants were harvested in 0.2 ml
tubes and stored at — 70 °C until RNA extraction.
Biolabmix RU-250 spin column kit (Biolabmix,
Novosibirsk, Russia) was used to extract viral RNA
from the collected supernatants, as well as from
the viral stocks with known infectious titers. Viral
load in each sample was determined by quantitative
RT-PCR using Evrogen One-Tube RT-PCR SYBR
kit (Moscow, Russia) with 50X ROX as a refer-
ence dye, on Quantstudio 1 Real-Time PCR Sys-
tem (Thermofisher Scientific, Waltham, MA, USA).
The reaction was set up as described in (Wang et al
2020b) using forward primer 5'-CAATGGTTTAAC
AGGCACAGG-3' and reverse primer 5-CTCAAG
TGTCTGTGGATCACG-3'. Each RNA sample was
tested in duplicate, and the average cycle threshold
(Ct) value was used to calculate the virus titer from
a standard curve obtained from dilutions of viral
RNA with a known titer, using QuantStudio Design
and Analysis Software v1.5.1.
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Statistical analysis

Data presented as mean and standard deviation for
measurements repeated in triplicates (unless oth-
erwise specified). IgG antibody level presented as
median and QI1-Q3, equations of linear and power
regressions for antibodies levels were characterized
by coefficients of determination (R?). Data of antivi-
ral activity of Lf were analyzed by two-way ANOVA
with Tukey’s post-hoc multiple analyses test.

Results

Analysis of Tf and Lf binding with human IgGs
against spike protein and RBD

To test our hypothesis about molecular mimicry
between RBD of Spike protein and Tf/Lf, as two
homologous host ligands of TfR1, we set up several
experiments of Tf or Lf binding with IgGs against
Spike protein or its RBD fragment present in serum
samples of study participants. First, serum levels of
anti-RBD or anti-Spike IgGs were measured by indi-
rect ELISA with corresponding antigens immobilized

b 50
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Fig. 1 Distributions of the levels of IgGs antibodies against Spike protein a and against RBD b in serum samples of naive, Sputnik
V-vaccinated and COVID-19 recovered donors; data presented as median and Q1-Q3; schemes of ELISA presented in inserts
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on solid phase (Fig. 1). Then, three variants of ELISA
were performed to study the binding of these anti-
bodies with Tf or Lf—Supplementary data (S4,
Figures S2, S3, Table S1). Interaction of Lf with
RBD and Spike protein, and of Spike with anti-Lf
prompted to choose only one mode of ELISA with
RBD or Spike protein immobilized on solid phase
and IgGs detected by adding HRP-labeled anti-human
Tf. We expanded the sample set of naive, vaccinated
and COVID-19-recovered individuals for studying
the cross-reactivity of antibodies (“Recruiting partici-
pantsandcollecting blood samples”). Positive linear
distributions of RBD- and Spike-specific IgG levels
and their cross-reactivity with Tf, as measured by
HRP-labeled anti-human Tf, were found with R? val-
ues close to 1 in vaccinated and COVID-19-recovered
groups (Fig. 2).
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Fig. 2 Distributions of levels of IgGs against RBD and Spike
protein and Tf-binding with antibodies against RBD and Spike
protein. Abscissa or ordinate designated by antigen immobi-
lized on solid phase and a label used for detecting the level of
antibodies. a—Ilevels of IgGs against Spike protein and against
RBD; b—Ilevels of IgGs against Spike and Tf-binding with

Q

[RBDJ-anti-Tf-HRP

Fractionation of serum samples obtained from
a naive donor 1 day before vaccination on a sorbent
with immobilized protein A showed that the IgG frac-
tion did not contain Tf. However, Tf was detected in
the IgG fractions obtained on the same column from
serum samples of an individual on the 35th day after
vaccination with Sputnik V and a COVID-19-recov-
ered subject (Fig. 3a). Furthermore, IgGs obtained
from sera of vaccinated and COVID-19-recovered
individuals were able to bind peroxidase-labeled
Lf, unlike IgGs purified from sera of naive donors
(Fig. 3b).

Overall, these data indicate that Spike-specific IgG
antibodies can readily bind Tf and Lf, supporting our
assumption of the role of the Spike, and specifically
its RBD fragment, in the mimicry to host TfR ligands
used in this study.
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antibodies against Spike; c—levels of IgGs against RBD and
Tf-binding with antibodies against RBD; d—Tf-binding with
antibodies against Spike and antibodies against RBD. Vac-
cinated (n=16) marked as red circles, naive (n=24) as green
triangles, COVID-19 convalescents (n=53) as purple rhombs
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Fig. 3 Co-purification of a
Tf with IgGs from sera

of vaccinated (red) and ./
COVID-19 convalescent
(purple) persons compared
with serum of naive donor
(green) sampled 1 day
before vaccination. a—con-
centration of Tf obtained
after fractionation of 3
serum samples on a column
with immobilized Protein A
and determined by ELISA.
From 1st to 9th fraction— 10
elution of ballast proteins,

from 15th fraction start

elution of IgGs; b—bind-

ing of HRP-labeled Lf with 1

100 -

Tf, ng/mL

anti-Tf-HRP

-o- VACCINATED
- COVID-19 recovered
-o- NAIVE

solid phase immobilized 1 3
IgGs isolated from serum
samples or with purified Tf
as negative control

15 ¢

VI

05

0 [

IgG of NAIVE

Analysis of spike protein binding with monoclonal
antibodies against Lf

Since cross-reactivity between anti-Spike and anti-
Lf antibodies could not be measured by the assays
described above due to the direct binding of these
antigens, two murine monoclonal antibodies against
human Lf, namely from clones 3H5 and 3E11, were
further tested. These antibodies differed by Lf-binding
sites, e.g. 3E11 caused no dissociation of the complex
formed by Lf with ceruloplasmin; in contrast, 3H5 anti-
body added to ceruloplasmin-Lf complex acted as a
competitor (data not shown). Different concentrations

@ Springer
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fraction
Lf-HRP
I I IgGorTf
1gG of 1gG of COVID-19 Tf purified
VACCI NATED recovered

of Lf, as well as Spike protein biotinylated either on
primary amino groups (Spike-A-Bi) or on carbohy-
drate moiety (Spike-C-Bi) were added to 3HS or 3E11
Lf-specific antibodies immobilized on a solid phase
(Fig. 4). 3E11 antibody bound cooperatively Lf and
Spike-A-Bi: the higher Lf concentration was added,
the more detectable was Spike protein. In contrast, 3HS
antibody made more evident the competition between
Lf and Spike protein labeled with biotin hydrazide on
the carbohydrate moiety. Thus, the two anti-Lf mAbs
displayed cross-reactivity both with Lf and Spike pro-
tein, however, with noticeable differences. 3HS per-
formed as a target for competition of the two proteins,
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Fig. 4 Competitive ELISA Asso
of Lf and Spike protein on

L-specific antibodies (3H5 20
or 3E11) immobilized on
solid phase. Spike protein,
labeled by biotin to primary
amino groups (Spike-A- 15
biotin, 200 ng/mL—blue

triangles) or to carbohydrate

moiety (Spike-C-biotin,

40 ng/mL—purple squares),

and different concentra- 1.0
tions of Lf were added in
wells. Subsequent staining
of biotin label by HRP-
streptavidin was done 05
0
0 31.25 62.5

while 3E11 could bind the complex formed by Lf and
Spike protein. Quite unexpectedly, the carbohydrate-
mediated labeling was more sensitive to Spike protein
binding with Lf, as compared with biotin labeling via
primary amines.

Screening of TfR ligands for their ability to interfere
with RBD interaction with SARS-CoV-2 neutralizing
antibodies.

Screening among six mAbs against Spike protein for
their capacity to bind RBD (Fig. 5a) and to suppress
SARS-CoV-2 replication in a microneutralization
assay demonstrated that S6 was the most effective in
inhibiting viral replication in Vero cells, with an ICy,
value close to 0.1 ug/mL (Fig. 5b). The RBD-specific
mAbs S2 and S4 could partially neutralize viral activ-
ity only at the highest concentrations 0.5-1 pug/mL,
suggesting different affinity of mAbs S2, S4, and S6
and/or binding to different epitopes in RBD.
Interaction between S6-HRP and RBD immobi-
lized on solid phase served as a target in the screen-
ing for interference among various ligands of TfR and
sTfR itself. We assessed the binding of mAb S6-HRP
to RBD in the presence of different concentrations of
sTfR (0.7-44 nM), Tf or Lf (10-640 nM), aptamer
against TfR1 (50-500 nM), as well as peptides RGD
(2-120 pM) and GHAIYPRH (0.33-21 puM) (Fig. 5¢).
Importantly, sTfR showed the highest competitive

-4-[3E11]-Spike-A-biotin
Spike-A-biotin

i

3E11
-=-[3H5]-Spike-C-biotin
Spike-C-biotin
Lf

K

3H5

-B-[3E11]-Spike-C-biotin
Spike-C-biotin

3EM
-—[3H5]-Spike-A-biotin
Spike-A-biotin

[Be

125 250 500 1000 2000
Lf, ng/mL il

%

activity, with ICs, value about 10 nM, while its physi-
ological ligands i.e. Tf and Lf demonstrated virtu-
ally equal activity with ICy, about 200 nM (Fig. 5c¢).
Involvement of structural mimicry of RBD/Spike pro-
tein to Tf and Lf was also confirmed by competitive
interference of other TfR ligands in the interaction
between RBD and mAb S6. Aptamer against TfR1
and peptide GHAIYPRH, as well as peptide RGD,
the synthetic integrin-binding motif, are involved in
the binding of Lf and Tf with TfR1. Both Tf and Lf
interacted with sTfR (Fig. 5d, lines 1-2 and 6-7).
Interaction of RBD with Lf was stronger (Fig. 5d, line
8-9) than interaction of RBD with sTfR (Fig. 5d, line
4-5 and 10-11).

Analysis of Lf binding to spike protein and RBD

Interaction of Lf with Spike protein has been docu-
mented already in three studies (Campione et al.
2021; Miotto et al. 2021; Cutone et al. 2022). Inter-
action of Lf with Spike protein prevents its interac-
tion with anti-Lf mAbs (Fig. 4) and leads to many
difficulties in assaying the cross-reactivity between
antibodies raised against Spike protein or RBD
and Lf. Interaction of Lf with RBD was detected
by non-denaturing disc-PAGE (Fig. 6a—c). Bind-
ing of Lf with RBD was much more evident than
Lf binding with Spike protein. Indeed, cationic Lf
in complex with RBD migrated from stacking gel to
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Fig. 5 Screening for RBD-binding capacity of mAbs against
Spike (panel a), SARS-CoV-2 neutralization assay (panel b),
competitors’ of RBD and mAbs S6 interaction (panel c), and
interaction RBD with sTfR and Lf (panel d). a Spike-specific
antibodies (S1-S6) screened for binding Spike and RBD immo-
bilized on solid phase; detection by anti-mouse IgG-HRP. b
SARS-CoV-2 neutralizing activity of S2, S4 and S6 mAbs.
Serial dilutions of MAbs in serum of SARS-CoV-2-naive indi-
vidual were mixed with SARS-CoV-2 virus, and Vero-CCL81
cells were infected with these mixtures. The inhibitory effect
of the tested antibodies was measured by cell-ELISA and
expressed as % of virus inhibition compared with the control
virus-infected cells using four-parametrical non-linear regres-

resolving gel, while Spike protein in complex with
Lf migrated from the middle of stacking gel to the
space between stacking and resolving gel (Fig. 6a).
Moreover, staining of Lf and RBD in Western blot-
ting makes visible the migration of RBD from
resolving to stacking gel (Fig. 6b), while using
anti-Lf antibodies allowed to compare migration
in electrophoresis of pure LF and its samples with
RBD (Fig. 6¢). Affinity of holo- and apo-Lf towards
RBD was compared using RBD immobilized on
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sion analysis. ¢ Anti-RBD-mAb (S6), labeled with HRP, and
different concentrations of sTfR (0.7-44 nM), Tf or Lf (10—
640 nM), aptamer against TfR1 (50-500 nM), peptides RGD
(2-120 pM) and GHAIYPRH (0.33-21 pM) were added. d
TAMRA-labeled proteins run in conditions of disc-electropho-
resis without detergents: 1—Fe,-Lf-TAMRA (4 mg); 2—Fe,-
Lf-TAMRA (4 mg)+sTfR (4 mg); 3—sTfR (4 mg); 4—RBD-
TAMRA (2 mg)+sTiR (4 mg); 5—RBD-TAMRA (2 mg);
6—Fe,Tf-TAMRA (2 mg); 7—Fe,T-TAMRA (2 mg)+sTfR
(4 mg); —RBD-TAMRA (4 mg)+Fe,Lf (9 mg); 9—RBD-
TAMRA (4 mg)+Fe,Lf (9 mg)+sTfR (8 mg); 10—RBD-
TAMRA (4 mg)+sTfR (8 mg); 11—RBD-TAMRA (4 mg)

CMS5-chip for SPR-assay (Fig. 6d, e). Affinity
towards RBD was higher for holo-Lf as judged by
rate constant 4.3x 105 M~!xs~! and dissociation
constant 16 nM in comparison with the respective
values obtained for apo-Lf i.e. 2.9x10® M~!xs™!
and 23 nM (Table 2).

Treatment of Vero E6 cells with apo-Lf and
holo-Lf at concentrations 1-4 mg/mL significantly
reduced SARS-CoV-2 titers, both for Wuhan and
Delta lineages (Fig. 7). In all cases adding Lf at
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Fig. 6 Interaction of Lf with RBD and Spike protein in con-
ditions of disc-electrophoresis without detergents (panel a,
b, and ¢) and interaction of holo-Lf and apo-Lf (4-256 nM)
with RBD immobilized on CMS5-chip in SPR-assay (panels d
and e). a Coomassie R-250 staining of gel after running sam-
ples: 1—RBD (4 pg); 2—RBD (4 pg)+LF (18 pg); 3—RBD
(4 pg)+LF (9 pg); 4—RBD (4 pg)+LF (5 pg); 5S—RBD
(4 pg); 6—LF (18 pg); 7—Spike (2 pg); 8—Spike (2 pg) +LF
(5 pg); 9—Spike (2 pg)+LF (9 pg); 10—Spike (2 pg)+LF

Table 2 Kinetic parameters characterizing RBD interaction
(immobilized on CMS5-chip) with holo-Lf and apo-Lf, calcu-
lated from SPR data by Biacore X-100 software

Analyte k,,, Ko 102570 KinM R, RU
100 M5!

holo-Lf 4.264+0.12 681 159+1.3 2810+ 12

apo-Lf 2.895+0.09  67+1 23.0+1.9 2251+11

k,, equilibrium association rate constant, kg dissociation rate
constant, K, equilibrium dissociation constant, R, analyte
binding capacity

concentration 2 mg/mL substantially inhibited viral
replication, and treatment with holo-Lf at this con-
centration resulted in the absence of detectable

Response, RU

(1]

Response, RU

% holo-Lf

2as

RBD-CM5

3000

RBD(CMS5) - holo-Lf 256 nM

2000

1000

2500 % apo-LF
RBD(CMS5) - apo-Lf 256 nM

RBD-CM5

2000

1500

1000

500

50 75

Time, s

100 125

(18 pg). b and ¢ Western-blotting stained with 4-chloro-
1-naphtol and hydrogen peroxide after incubation with HRP-
labeled anti-RBD (0.5 pg/mL S2-HRP, panel b) and with anti-
Lf (0.5 pg/mL 3E11-HRP, panel c) transferred to nitrocellulose
from gel after running samples: 1—RBD (2 pg)+LF (4 pg);
2—RBD (2 pg)+LF (4 pg); 3—RBD (2 pg)+LF (8 pg); 4—
RBD (2 pg)+LF (16 pg); 5—RBD (2 pg); 6—empty; 7—LF
(16 pg); 8—LF (8 pg); 9—LF (4 pg); 10—LF (2 pg)

SARS-CoV-2 Wuhan variant (Fig. 7a). Although
less pronounced reduction of Delta variant titers
was seen in plates cultured in the presence of Lf,
a statistically significant difference with the titer in
the control wells was achieved for concentrations of
1, 2, and 4 mg/mL for both Lfs (Fig. 7b).

Discussion

In this paper we tried to verify a hypothesis about
molecular mimicry of Spike protein, especially its
RBD fragment, to natural ligands of TfR, Tf and Lf,
and major findings of this paper were schematically
summarized in Fig. 8. On the one side, if TfR is the
critical receptor for SARS-CoV-2, its natural ligand,
namely Lf, seems to be a promising competitor

@ Springer
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Fig. 7 Lf in apo- and holo-forms inhibits SARS-CoV-2 rep-
lication in Vero E6 cells. Cells were inoculated with 100
TCID50 of B.1 Wuhan strain a or B.1.617.2 Delta strain b
for 2 h, followed by the replacement of inoculum with culture
medium containing either apo-Lf or holo-Lf at the indicated

of coronavirus cell entry; on the other side, cross-
reactivity of antibodies against RBD of Spike pro-
tein with Tf and Lf can provoke severe symptoms of
COVID-19 accompanied by an autoimmune response
against Lf and Tf. Considering that replication cycle
of SARS-CoV-2 mediated by TfR1 endocytosis can
alter normal Tf-mediated influx of iron, it is not sur-
prising that COVID-19-associated dysregulations of
iron and oxygen metabolism, such as low levels of
serum iron and erythropoietin accompanied by high
levels of ferritin and hepcidin, can be corrected by
Lf (Suriawinata and Mehta 2022). Anti-anemic and
anti-hypoxic effects of Lf associated with down-
regulation of IL-6 and hepcidin (Cutone et al. 2014;
Rosa et al. 2017; Lepanto et al. 2019; Artym et al.
2021) and up-regulation of erythropoietin and ceru-
loplasmin (Pulina et al. 2010; Zakharova et al. 2012,
2018; Bonaccorsi di Patti et al. 2018; Kostevich et al.
2016; Sokolov et al. 2022b) seem to be a promising
strategy for treating COVID-19 complications. It is
worth noting that one of the first papers dedicated to
the protective effect of Lf against SARS-CoV-2 infec-
tion also described the studies of antiviral effect of
hypoxia, which decreased the content of heparan sul-
phate on cell surface by downregulating syndecan-1
expression via hypoxia-inducible factor-1 alpha (HIF-
lao)-dependent mechanism (Prieto-Fernidndez et al.
2021). It cannot be excluded that antiviral effect of Lf

@ Springer

concentrations. Two to three days post-infection, viral load
in cell supernatants was determined by quantitative RT-PCR.
Data were analyzed by two-way ANOVA with Tukey’s post-
hoc multiple analyses test. *p <0.05; **p<0.01; ***p <0.001;
*HEFp <0.0001

is realized partly due to its HIF-1a-stabilizing effect
(Zakharova et al. 2012).

At the beginning of this study, we did not anticipate
that human antibodies against RBD and Spike pro-
tein itself would circulate in complex with Tf. How-
ever, this phenomenon explains why early attempts
to detect cross-reactivity of anti-RBD or anti-Spike
antibodies using either Tf on solid phase or labeled Tf
were puzzling. Indeed, either reverse dependence was
found between anti-RBD and anti-Spike levels and
their capacity to bind Tf immobilized on solid phase
(Fig. S3a, b) or, in case of labeled Tf, no dependence
was observed (Fig. S3c, d).

However, when labeled anti-Tf antibody were
used, we found a strong correlation between the lev-
els of anti-RBD and anti-Spike IgG and the level of
Tf bound to these antibodies (Fig. S3e-h, and Fig. 2).
Importantly, in the preliminary control experiments,
anti-Tf was tested for the absence of cross-reactivity
with RBD and Spike protein. Indeed, the level of Tf
binding in the assay of serum samples obtained from
naive donors was negligible. Considering the difficul-
ties of detecting separately IgM and IgA, we had no
aim to study the cross-reactivity with Tf of anti-RBD
and anti-Spike protein belonging to each of those
Ig classes, though their input in the cross-reactivity
cannot be excluded. Thus, the setup of the 3rd assay
accounts for possible detection of human IgA and
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Fig. 8 An overview of the study findings that verify our hypothesis about molecular mimicry of Spike protein of SARS-CoV-2 with

TfR ligands

IgM raised against RBD and Spike protein, that are
cross-reactive to Tf (Fig. S2). Given that Tf binding
can occur not only due to IgG, but IgA and IgM as
well, the array of most points in the distribution of Tf
binding above the approximating lines characterizing
the anti-Spike IgG levels (Fig. 2b) and anti-RBD IgG
distribution (Fig. 2c), can result from the involve-
ment of other classes of Igs against Spike and RBD
in Tf binding. TfR mediates penetration of Tf through
the blood-brain barrier (Liang et al. 2018; Pardridge
2022). Since the immune response to SARS-CoV-2
induces binding of plasma Tf to anti-RBD and anti-
Spike antibodies, this effect may alter iron traffic from
the bloodstream into the brain. On the other hand, this

may contribute to the TfR-mediated penetration of
the virus through the blood—brain barrier.
Interestingly, not only human antibodies raised
against RBD and Spike protein in response to SARS-
CoV-2 infection or to vaccination with Sputnik V
cross-reacted with human Tf and Lf (Figs. 2 and
3), but also Lf-specific mAbs 3HS5 and 3E11 cross-
reacted with Spike protein, as well as mAb S6 against
RBD of Spike protein cross-reacted with TfR ligands
(Figs. 4 and 5c). Since we observed cross-reactivity
of Spike protein with mAbs 3H5 and 3E11 that were
raised after immunization of mice with human Lf, we
carefully checked the Spike protein for the absence
of contamination with Lf. Importantly that all steps
from immunizing mice to cloning hybridomas that
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produced anti-Lf mAbs for this study, were com-
pleted by October 2019, before the COVID-19 pan-
demic and the first receipt of the SARS-CoV-2 Spike
protein by our laboratory.

To provide further evidence of anti-RBD and
anti-Spike antibody binding with Tf and Lf, we used
serum samples from naive, vaccinated, and COVD-
19-recovered donors and purified IgG on Protein A
affinity sorbent. Importantly, the serum samples of
naive and vaccinated donor were obtained from the
same subjects 1 day before and on the 35th day after
vaccination. Tf was present only in IgG fractions
purified from the sera of vaccinated and convalescent
donors, and those IgGs also bound HRP-labeled Lf.
IgGs obtained from the sera of naive donors had no
traces of Tf and did not bind the labeled Lf. Autoan-
tibodies against Tf have been documented in several
case-report studies of acquired anemia and myeloma-
associated hypersideremia (Westerhausen and Meuret
1977; Numata et al. 1991; Alyanakian et al. 2007;
Forni et al. 2008). The “gold standard” of such stud-
ies is co-purification of Tf with antibodies isolated by
affinity chromatography from the patient sera (Forni
et al. 2013). High concentrations of anti-Tf in auto-
immune pathologies lead to dysregulation of iron
metabolism, including increased levels of serum iron,
Tf, ferritin, iron saturation of Tf and total serum iron-
binding capacity (Alyanakian et al. 2007; Forni et al.
2008). Few of these symptoms coincide with dysreg-
ulations of iron metabolism observed in the COVID-
19 patients (Suriawinata and Mehta 2022), which can
be explained by much lower level of Tf-cross-reac-
tive antibodies induced by SARS-CoV-2 infection,
as compared with anti-Tf serum level in those case-
report studies. However, an increase of Tf expression
induced by SARS-CoV-2 infection was described
(McLaughlin et al. 2020), which probably increased
the risk of hypercoagulation (Tang et al. 2020b).
Increased serum iron, ferritin and Tf saturation in
intensive care unit patients during the 3rd—6th day of
COVID-19 were documented (Bolondi et al 2020).
In a pioneering study by Westerhausen and Meuret,
immunosuppressive therapy in the so-called transfer-
rin-immune complex disease only partially restored
iron metabolism (Westerhausen and Meuret 1977).
Extensive studies of the last decade confirmed the
notion of anti-Tf reactivity of antibodies in patients
with multiple sclerosis (Colomba et al. 2014).

@ Springer

Autoantibodies against Lf have been documented
in such pathologies as anti-neutrophil cytoplasm
antibodies-associated systemic vasculitis, chronic
obstructive pulmonary disease, systemic lupus ery-
thematosus, rheumatoid arthritis, ulcerative colitis,
Crohn’s disease, autoimmune hepatitis (also associ-
ated with HIV-1 infections) (Peen et al. 1993; Dap-
sanse et al. 2001; Tan et al. 2014; Ma et al. 2020).
Interestingly, antibodies cross-reacting with Lf and
myeloperoxidase were reported in renal pathology
associated with formation of anti-neutrophil cyto-
plasm autoantibodies (Esnault et al. 1994). Lf-con-
taining immunocomplexes featured extraordinary
potent proinflammatory properties against human
monocytes and macrophages (Hu et al. 2017).
Emergence of anti-Lf causes an increase in nitrite
levels (Dapsanse et al. 2001), alteration of iron-
saturation of Lf (Audrain et al. 1996), enhancement
of neutrophil extracellular traps formation (NETSs)
(Shida et al. 2016). The latter is a well-known fea-
ture of severe COVID-19 (Ackermann et al. 2021).
Effect of Lf against NETs formation is described in
several studies (Okubo et al. 2016; Grigorieva et al.
2022) and this property makes it a promising rem-
edy in mitigating the severity of COVID-19.

In ELISA with anti-Lf mAb 3E11 immobilized
on solid phase, Lf and Spike protein were bound
cooperatively, but the intensity of Spike binding
depended on the mode of its biotinylation. When
biotin was attached to primary amino groups, the
interaction of Spike with mAb 3E1l was more
intense than in case of biotinylated carbohydrates
(Fig. 4). Meanwhile, anti-Lf mAb 3H5 immobilized
on solid phase mostly bound Lf. The latter behaved
as competitor of Spike protein, especially carbohy-
drate-biotinylated, for interaction with 3HS5. It can
be concluded that carbohydrate moieties of Spike
protein are more important for binding with Lf than
amino acids with primary amino groups. Given that
the interaction of Lf with ceruloplasmin is not dis-
sociated by 3E11, unlike 3H5, which behaves as a
competitor for ceruloplasmin binding to Lf, we can
assume that the interaction site of the Spike protein
overlaps with ceruloplasmin-binding site of Lf. The
latter was mapped in our previous studies that pro-
vided evidence of competition for binding with Lf
between ceruloplasmin and DNA, lipopolysaccha-
ride, and heparin. All these ligands bind with N-ter-
minal polycationic site of Lf. Peptides RRRR and
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RKVR, corresponding to 2RRRR and RKVR?® of
Lf act in the same way (Pulina et al. 2002; Sokolov
et al. 2006). Involvement of N-terminal polycationic
site in Lf into the interaction with ceruloplasmin
was confirmed by structural studies of their com-
plexes (Sabatucci et al. 2007; Samygina et al. 2013).
Therefore, it is likely that the Spike-binding site
includes the N-terminal polycationic site of Lf.

Three independent approaches were used in this
study to explore the interaction of Lf with RBD of
Spike protein:

1) Competitive ELISA showed that Lf acts as a
competitor of interaction between RBD immo-
bilized on solid phase and HRP-labeled mAb
against Spike protein (S6-HRP) which neutralizes
SARS-CoV-2 infection in Vero cells (Fig. 5¢);

2) Lf shifted RBD band in disc-electrophoresis
without detergents, and the same effect was
obtained by Western blotting (Fig. 5a—c), which
suggests direct binding of the two proteins;

3) In SPR-assay, the interaction of RBD immobi-
lized on CM5-chip with apo-Lf and holo-Lf was
characterized by K;~23 and 16 nM, respectively
(Fig. 6d, e; Table 2). Importantly, the interac-
tion of Lf with RBD was characterized by higher
affinity as compared with mAb S6 against Spike
protein and anti-Lf mAb 3E11-HRP which
was used for Lf detection by Western blotting
(Fig. 6¢c). Therefore, when antibodies against
Lf and RBD are produced during the immune
response, the latter are of interest because they
neutralized coronavirus infection, yet their
interaction with antigens was weaker than their
mutual interference. That is why Lf seems a pro-
spective competitor of SARS-CoV-2 in its inter-
action with TfR. Such property of Lf should not
be neglected, but the fact that Lf interacts with
TfR has been omitted from a number of the most
recent reviews concerning its functions (Mahid-
hara et al. 2015; Kell et al. 2020; Bartolomé et al.
2022).

Interaction of Lf with RGD-motif was well
documented for TfR1 (Kawabata et al. 1999) and
extracellular matrix proteins i.e., fibronectin and
vitronectin (Sakamoto et al. 2006). Interestingly,
483RGD*-motif in RBD of Spike protein is missing
in previous human coronavirus variants, but remains

conserved in SARS-CoV-2 strains (Liu et al. 2020;
Othman et al. 2022; Nassar et al. 2021). Considering
the competitive effect of sSTfR and synthetic RGD on
the interaction of RBD with SARS-CoV-2-neutraliz-
ing mAb S6 (Fig. 5¢c), the importance of RGD-motif
in RBD for interacting with its cellular receptor,
namely TfR1, can be proposed. In view of extensive
studies of TfR1 as a target for antibody-mediated can-
cer therapy (Candelaria et al. 2021), similar studies of
anti-TfR1 potential in suppressing anti-SARS-CoV-2
activity are warranted.

Inhibition of SARS-CoV-2 infection was practi-
cally the same for apo-Lf and holo-Lf tested on B.1
Wuhan strain and B.1.617.2 Delta strain (Fig. 7).
Holo-Lf in comparison with apo-Lf was more effi-
cient only when taken in concentration 2 mg/mL in
case of B.1 Wuhan strain infection (Fig. 7a). Similar
efficiency of apo- and holo-Lf against infection can
be interpreted at least in three ways: (1) close affin-
ity of RBD both to apo- and holo-Lf presumes their
similar efficiency; (2) both apo-Lf and holo-Lf can
interact with TfR1; (3) high affinity of apo-Lf to fer-
ric ions can result in formation of holo-Lf. Taking
into account down-regulation of TfR1 by holo-Lf
(Zhang et al. 2021) this form will be our choice in
future studies. In contrast, apo-form LF can increase
TfR1 expression via HIF-dependent pathway, which
can result in undesired multiplying of the sites for
viral uptake.

The details of studies demonstrating protective
effects of Lf against SARS-CoV-2 in infected cells
are summarized in Table 3. Taking into account that
heparin is one of the ligands with the highest affinity
for the polycationic site in Lf, it is not surprising that
in all studies of the antiviral activity of Lf, the addi-
tion of heparin abolished its ability to inhibit SARS-
CoV-2 (Prieto-Fernandez et al. 2021; Mirabelli et al.
2021; Lai et al. 2022).

In their study, Mirabelli et al. performed an analy-
sis of transcriptomic changes triggered by Lf in non-
infected iAEC2 cells. Addition of 6.25 mM Lf to
these cells resulted in significant up- and down-reg-
ulation of 1016 and 1023 genes, respectively. Up-reg-
ulated genes are involved in epithelial-mesenchymal
transition, TNF-a signalling via NF-xB, and hypoxia
(Mirabelli et al. 2021). This is an independent indica-
tion of Lf involvement in the regulation of inflamma-
tion and tolerance to hypoxia.

@ Springer



Biometals (2023) 36:437-462

456

F1Wi sz94q 70

IO e S0[ £ ~9sea109(]

WU 99%~ D1

WU S ~%D1
uonodJuI JO
uoniquyut %/ pue %y
ur pojnsal (paysemun
puE paysesm) Sjudw
-Jean uonodyur-axd
J71 1Y) po[B2AQI SIUR)
-euradns pojsoAIey
a4} JO 1o JeIIA
09¥H-ION 10} NW [
uey) I9MO[ pue 9f OIOA
IO} JNW T 03 9S0[d 0SDI
i s[[ad ferpayide
Jo 9oeyIns oY) 03 Oy
Jo Surpurq oy sy20[g
10°0 pue
10 IO e pEO] [ellA
o) UI 9SBAId9P JOYSIY
® pamoys soponaed
[BIA IO S[[99 Z-098))
yim pareqnourard
J130 Tw/Sw 60
100
IO e So[ T ~pue [
TOIA & 30] [ ~9searda(

UuoTOJJUI
150d 4 8¢ TOW 01-C'0 LUnH
(s1190
uoroJuI 7 2dA) reroypido ey

150d 4 8% TOIN OT  -O9A[E PIALIOP) TOHV!

Usem Jnoyiim pue
A UODOJU T-A0D
-SYVS 21059 uoneq

-nourard 4 ¢ ‘IO 1:C z-00e)

uoneqnoul 4 8¢ ‘TOIN  09¥H-ION PUB 9F 019A  000°0T PU® 000S ‘0001

S[[32 M 10 T-A0D
-SYVS ym uon
-eqnoutaid y 8¢ pue

¥ 9 TON 10°0 pue 038D
CT-AOD-SUVS
y)m uoneqnourard

U1 ‘ION 10°0 pue 9H OIA

(6¥'0—50000)
§T°9-67900°0

J1-010Yy
pue -ode uewngy
(reNorg
9ANBIID—HI9618
147 J1 uewny

(youpyy-ewsig
(06¢ —G9/ T ‘WNNSo[0d
=8000°0) 000S~10°0 9UIAOQ WOL) JT dutr0g

(vds yv40s—euut

(To g1 -195090[D) JT dutaog
(youpry
-BWSIS—H6 [T ‘90U
ur passardxa ‘queurq
-W0JAI ‘UOIT Aq UoT)

-eINjes 9%06) J1 uewny

(08L “06€ ‘8L)

(€0
Pue 1°0) +'9 pue ¢'|
(seLnsnpuj sauIajoId
JOULIY ‘Uolr Aq uorn

(o) g1 -vImes %/) J dutaog

(18TZS-IN
‘0202/TVM-VSN

1B[OST) T-A0D-SYUVS 120¢ Te 19 M[°qeN

(yuened e woiy

PAIL[OST) T-A0D-SYV'S 120¢ '[e 1° stefes

CT-AOD-SUVS

Jo urajoxd ayrds oy

Jurssaxdxa sofonred
[exia padKjopnasq

120T
‘& 19 ZOpUuBUIoJ-0)oLIJ

(quonjed

61-ATAQD dAntsod
®© Jo uowroads [ead
-uAreydoseu woiy

POYEROST) Z-A0D-SUVS 20T '[v 10 duordure)

uonIppe J Jo sawonQ

Surppe JT jo opowr

pue SNIIA JO 950 AImNd o)

(Tu/Sur) Ny Apms ur pasn I

SNIIAOD

-nasd 10 snaiA Jo adAJ, Apmig

F1JO S1993J9 T-A0D-SVS-IUL ONIA U € J[qEL,

pringer

H's



457

Biometals (2023) 36:437-462

QuI [[99

oy1oads & 03 pajoLnsal

JOoUu 9JoMm ST JO S}O0[J0

1 9uraoq ueyy J

uewny Yiim Jomo|

A[qerreaur sem Anuo
SIIIAOPNAS] JO UonIqIyu]

Tw/Sw 200~ D1
JouuBw JUI
-puadop-uonenuaduod
e ur urredoy jo uonippe
Y} YIIm PaseaIddp J1
J0 10950 K1031qTYU]
pasn J1 Aue jo Tux
/3w 7 Aq uonoyuI Jo

UonIqIuI %001 01 901D Y T ‘TPM/0SAIDL 059

urredoy
pappe A[snouagoxs Aq
Apuapuadop-asop payst
-UIwIp SI 37T outA0q
Jo AIAnoR [RIIANUY
/3w g0°0~ 01
—LE6TIHH W
/8w 600 ~"D1
—¢-ne) u
/8w go'0~"DI1

—O9H OIoA

Tu/3w €00~ D1

—LE6TIAH ‘T

/8w 1°0~%D1—¢-nred

Tuy/Sw 91°0~%D1
—OH OIA

Y 8 pajodjul
uay} JT YA S[[0 10
snuaopnasd jo pareq

-nduraxd y [ (IO 01

uonIul

is0d y g4 pue 1
M S[[90 JO Judwr

-reanaxd y 47 ‘TON §

F1ypm
S[199 Jo Juouneanaxd

uonIJul

1s0d 4 8% ‘IO 1°0

I-dH.L

7-098)) ‘9f OIOA

(ewouroIBOOUIPE

OH OIA

(TADV-)E6TIHH

‘€-n[eD ‘9H OIA

(co
pue ['0) 9 pue €'

Sunp wewny) LeyTH (#'0—+000°0) 1°S—$00°0

(T=20°0) 952920

(1-¥00°0) 8'C1-150°0

(uonenjes

uolr 9,11 ‘erensny

‘Kireq ondeg) §1

auraog ‘(uoneinjes

UOIL %6 “YILIPIY
-ewIS) J1 uewingyg

(s[euon

-lnnN elquerH—o0o00¢

uLLgjorg [
QUIAOQ WOJJ) J7T duIrog

(8X99qV—6L9.90%q®
‘JUBRUIQUIODAT) J T

jeon) ‘(org 2Aueng

—6VLYTS) JToulaog

‘(goLIp[y-ewsIg

—LTE 19 ‘PAeImEs
-uolr) JT uewny

(gonIpry
“ewsIS—/056T N[Iw
QUIAOQ WOI)) JT duiAog

(youIpry

-eWBIS—¥681']

[ uewnyy
woiy) JT uewny

SNITAOPNAS] 20T “°Te 19 suon)

(urens

IVM) T-A0D-SYVS TTOT T8 10 Suniopm

SNITAOP

-nasd g-A0D-SYVS 0T e R e

SNIIAOP

-nsd 2-A0D-SYVS 120¢ 'Te e ny

uonIppe 1 Jo sawodnQ

3uppe 7 jo opowr
pue SNIIA JO 980(]

aImyno 9D

(TwySuwr) Wil §1

Apms ur pasn JI

SNIIAOD

-nosd 10 snaiA jo odAJ, Apmgs

(panunuod) ¢ dqel,

pringer

A's



458 Biometals (2023) 36:437-462

Summarizing the literature data and the results
obtained in this study, we can conclude that antivi-
ral effect of Lf can be mediated by several pleiotropic
effects of this moonlighting protein: (1) Lf can directly
interact with RBD of Spike protein with high affinity
characterized by K from 16 nM for holo-Lf to 23 nM
for apo-Lf; (2) Competition between Lf and RBD
of Spike protein for binding with TfR1 can prevent
TfR1-mediated endocytosis of SARS-CoV-2; (3) anti-
inflammatory activity of Lf includes down-regulation of
IL-6 and neutrophil extracellular trap formation; (4) Lf
exhibits anti-hypoxic and anti-anaemic effects. All these
effects of Lf seem like promising approaches to reducing
the severity of COVID-19 and post-COVID syndrome.

Outcomes of Lf addition

Decrease ~2—-4 log by 2
and 4 mg/mL apo- and
holo-Lf

tion and incubation
with Lf 48 h (for B.1
Wuhan strain) or 72 h
(for B.1.617.2 Delta
strain)

Dose of virus and
mode of Lf adding
100 TCIDsy, 2 h infec-
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