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Abstract

In addition to vaccines, there is an urgent need for supplemental antiviral therapeutics to dampen the
persistent COVID-19 pandemic caused by the severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2). The transmembrane protease serine 2 (TMPRSS2), which is responsible for the
proteolytic processing of the SARS-CoV-2 spike protein as virus priming for cell entry, appears as a
rational therapeutic target for the clearance of SARS-CoV-2 infection. Accordingly, selective
inhibitors of TMPRSS2 represent potential tools for prevention and treatment of COVID-19. Here, we
tested the inhibitory capacities of the human milk glycoprotein lactoferrin and its N-terminal peptide
pLF1, which we identified as inhibitors of plasminogen, a serine protease homologous to TMPRSS2.
In vitro proteolysis assays revealed that, unlike full-length lactoferrin, pLF1 significantly inhibited the
proteolytic activity of TMPRSS2. pLF1 inhibited both the proteolytic processing of the SARS-CoV-2
spike protein and the SARS-CoV-2 infection of simian Vero cells. Because lactoferrin is a natural
product and several biologically active peptides, such as the N-terminally derived lactoferricins, are
produced naturally by pepsin-mediated digestion, natural or synthetic peptides from lactoferrin
represent well-achievable candidates for supporting prevention and treatment of COVID-19.

I ntroduction

The global COVID-19 pandemic is unceasingly firing up a demand for cheap and available
therapeutics to supplement standard treatment protocols. The virus priming, i.e., the proteolytic
processing of the spike (S)-protein of the severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) by host serine proteases (1,2), in particular the transmembrane protease serine 2 (TMPRSS2)
(3), is an event essentia for the binding of virus to angiotensin converting enzyme-2 (ACE2), and as
conseguence, virus entry to the host cell. Thus, the inhibition of virus priming might represent a
promising piece in the puzzle of managing the COVID-19 pandemic (4-6). Previously, we identified
the human milk glycoprotein lactoferrin (LF) as a potential inhibitor of the serine protease
plasminogen (Plg) (7). Here, we expand our previous datato SARS-CoV-2 and show that the very N-
terminal peptide of LF inhibits TMPRSS2 and subsequently SARS-CoV-2 priming and infection of
target cells.

Results

Previously, we described the binding of LF to the zymogen Plg resulting in the blocking of conversion
of Plg to the serine protease plasmin by urokinase-type plasminogen activator (UPA) (7). According to
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mapping studies, LF binds to Plg via its highly cationic N-terminal region (7). From this region
(residues 1-49), the biologically active natural peptides, called lactoferricins (LFCs), with antiviral and
antibacterial activities are derived (8,9). Notably, synthetic analogs of LFCs possess antimicrobial
properties similar to natural fragments (9). To specify the role of the N-terminal region in Plg
inhibition, we tested the inhibitory capacity of the corresponding synthetic peptide pLF1. As controls,
we used three other peptides, pLF2 derived from the helix linker region of LF, pLF3 from the C-
terminal part containing a C-terminal lysine, and pCTR, a control peptide, as well as the lysine
analogue tranexamic acid (TA), which is known to block the lysine-dependent PIg binding, and the
serine proteases’ inhibitor aprotinin (Ap). Anin vitro activation assay using Plg revealed that LF and
pLF1 inhibited Plg activation by uPA (Fig. 1A). However, in contrast to LF, the capability of pLF1 to
block Plg activation was uPA-independent because pLF1 was able to inhibit even the intrinsic
proteolytic activity of active plasmin with the half maximum concentration (IC50) of 6.9 pg/mL and
maximum inhibition was obtained with 20 ug/mL (Fig. 1B). Thus, while LF blocks only the
conversion of inactive Plg to the active serine protease plasmin, the N-terminal peptide pLF1 is also
able to execute its inhibitory effect directly on active plasmin.

Because pLF1 blocked the intrinsic plasmin activity and the structures of the catalytic domains of
serine proteases digplay a high level of identity (10), we considered that pLF1 might target the
catalytic domain directly. Therefore, we tested the inhibitory effect of pLF1 against other serine
proteases. namely TMPRSS2, elastase and trypsin. As shown in Fig. 2, indeed pLF1, but neither LF,
nor the other tested peptides derived from LF, nor the control peptide pCTR, significantly reduced the
proteolytic activity of TMPRSS2 (Fig. 2A), elastase or plasmin (Fig. 2B, C). In contragt, the inhibitory
effect of pLF1 on trypsin was not significant (Fig. 2D). pLF1 inhibited TMPRSS2 with IC50 of 9.8
pg/mL with maximum inhibition at 40 pg/mL (Fig. 2A).

TMPRSS2 was shown to play a central role in the SARS-CoV-2 entry via proteolytic processing of
the S-protein of SARS-CoV -2. Because also plasmin, among other serine proteases, was suggested to
cleave the SARS-CoV-2 S-protein (1,3,11), we tested whether pLF1 would specifically inhibit the
cleavage of the S-protein. Actually, when we exposed the S-protein to TMPRSS2 or plasmin we found
blockade of its cleavage in the presence of pLF1, while no such effect was seen with LF (Fig. 3A, B).
This experiment demonstrated that the N-terminal fragment of LF inhibited the proteolytic processing
of the SARS-CoV-2 S protein by the serine proteases TMPRSS2 and plasmin. However, the key
guestion remained whether pLF1 could also inhibit SARS-CoV-2 infection.

To answer this question, we selected Vero cells, which, in contrast to Vero E6 cells, express detectable
amounts of TMPRSS2 (12). Before replication-competent SARS-CoV-2 was added, the Vero cells
were pre-incubated with LF, the LF-derived peptides pLF1, pLF2, pLF3 or control pCTR, for
approximately 40-60 min. As shown in Fig. 4, the N-terminal pLF1 significantly reduced SARS-CoV -
2 infection by =40% when used at 40 pg/mL, while the other two peptides, pLF2 and pLF3, derived
from the middle and C-terminal part of LF, respectively, failed to do so. pLF1 aso showed some
inhibitory potential a 20 pg/mL (=30% inhibition), but the differences were not significant. Control
peptide pCTR did not show any inhibitory potential. Interestingly, although LF was not able to block
TMPRSS2 and plasmin activity (Fig. 2A-B) in the cell-based assay, LF used at 40 ug/mL prevented
virus infection by =38% (Fig. 4). The latter might be attributed to LF-mediated blockade of cell-
surface heparan sulphate proteoglycans that aid coronavirus infection, as published previously (13).

Taken together, our data strongly indicate that the N-terminal peptide fragment of LF inhibits SARS-
CoV-2 cell entry through blocking TMPRSS2-mediated virus priming.

Discussion

As a global threat of the COVID-19 pandemic persists, a request is getting unceasingly stronger for
causative therapeutics to complement standard treatment protocols and support a vaccine campaign.
The virus priming, essential for the SARS-CoV-2 cell entry via the S-protein — ACE2 interaction,
represents a promising therapeutic target. The pharmacological inhibition of TMPRSS2, and a so other
hogt proteases that are responsible for processing of the S-protein, is supposed to dampen SARS-CoV -
2 cdll entry, and hence, itsreplication (1,2,5,6,14,15).
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The human glycoprotein LF is synthetized by exocrine glands and is present at high concentrations in
secretory body fluids, particularly in milk, but also within inflammatory granules of neutrophils. LF
has been from the beginning of the pandemic recognized as a potential drug candidate (16,17), and
recently, it was found to inhibit SARS-CoV-2 infection in vitro (18). Moreover, in a recent clinical
study a significant effect of the supplementary LF treatment on reduction in COVID-19 symptoms
was found (19). This effect was mainly attributed to the previously characterized ability of LF to
prevent virus binding to cell-surface heparan sulphate proteoglycans on host cells (13), and aso to its
immunomodulatory properties (20).

In thisreport, we demonstrate that LF may contribute to the defense against SARS-CoV-2 infection, in
particular via action of its natural N-terminal fragment. Several biologically active natural peptides
derived by pepsin cleavage from the N-terminus of both bovine and human LF have been described
and termed lactoferricins (LFCs) (9,21,22). LFCs possess antibacterial and antiviral activities (23) and
antiviral effects of LF-derived peptides against SARS-CoV-2 were predicted by simulation (24). Here,
we show that the very N-terminal peptide of LF, pLF1, inhibits S-protein priming and infection of
SARS-CoV-2.

Previously we showed that LF binds through its N-terminal domain encompassing the LFCs region to
the serine protease Plg, and blocks PIg activation by uPA (7). In contrast, pLF1, inhibits Plg activity
via a different manner. It blocks directly the intrinsic activity of active plasmin and TMPRSS2 with
1C50 6.9 pg/mL and 9.8 pg/mL, respectively.

Representative data on LFCs levels in human sera are not available, however, since LFCs are
digestion product derived from LF, data on serum LF levels might be correlative. According to our
unpublished measurements and also published studies of others, LF levels in blood sera of healthy
donors may vary within a dynamic range up to pg/mL values (25), which makes the effective
concentrations around | C50 achievable.

Taken together, our results reveal that not only LF but also its bioactive digestion products may be
protective againg COVID-19, however, via different mechanisms, which can produce synergic
therapeutic or prophylactic effects. LF is present at high concentrations in milk, but also in other dairy
products and food supplements. Orally administered LF endows a major clinical benefit in human,
particularly neonatal medicine (26), and it is considered safe and without adverse effects (27). This
makes LF a cheap and widely available candidate for supplementary therapy in management of
CoVID-19.

Experimental procedures
Peptides

The peptides derived from LF were synthesized by Peptide 2.0 (Chantilly, VA). The sequences of the
19-amino-acids-long synthetic peptides were as follows: GRRRSVQWCAV SQPEATKC (the N-
terminal pLF1, residues 1-19), EDAIWNLLRQAQEKFGKDK (the middle pLF2, residues 264-282),
NLKKCSTSPLLEACEFLRK (the C-terminal pLF3, residues 674-692), and
NFRTKSCPLELAKELKLCS (pCTR, a scrambled variant of pLF3).

Invitro proteolysis assay

For the analysis of Plg activation, uPA (10 nM, Technoclone, Vienna, Austria) was coated in PBSon a
96-well Falcon transparent plate for 2 h at 37°C. The wells were blocked with 1% BSA, washed, and
then incubated in PBS at 37°C with human Glu-Plg (50 nM, CoaChrom Diagnostica, Vienna, Austria),
inhibitory and control compounds, and the chromogenic plasmin substrate S-2251 (0.8 mM,
CoaChrom Diagnostica). Optionally, the wells were coated directly with the purified active plasmin
(10 mU/mL, Sigma-Aldrich, St. Louis, MO).

The proteolytic activities of trypsin (10 nM), plasmin (10 nM), elastase (20 nM; all three from Sigma-
Aldrich) and TMPRSS2 (25 nM; MyBioSource, San Diego, CA) were measured in a Nunc black
fluorescence-based cell assay plate (Sigma-Aldrich) in TrissHCI buffer (50 mM, pH 8.0, 150 mM
NaCl). The proteases were incubated with or without inhibitory and control compounds at 37°C for 30
min, and then the fluorogenic substrate (Boc-GIn-Ala-Arg-AMC; 25 pM; ENZO Life Sciences,
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Lorrach, Germany) was added. The reaction was measured using an ELISA plate reader (Synergy H1
BioTek microplate reader, Winooski, Vermont, U.S.) under an excitation wavelength of 380 nm and
an emission wavelength of 460 nm at the indicated time intervals.

In the SARS-CoV-2 S-protein digestion assay, purified recombinant 6xHistagged S-protein (1 pg;
NativeAntigen, Kidlington, UK) was exposed to TMPRSS2 or plasmin (25 nM or 10 nM,
respectively) with or without inhibitory and control compounds for 60 min at 37°C. The reaction
mixtures were analyzed by immunoblotting with a specific anti-S-protein monoclonal antibody (mAb)
(NovusBio, Littleton, CO).

Immunoblotting

Samples obtained from in vitro proteolysis assay were analyzed by electrophoresis on an 8% SDS-
polyacrylamide gel followed by transfer to Immobilon polyvinylidene difluoride membranes
(Millipore Co., Bedford, MA). The membranes were blocked using 4% non-fat milk and
immunostained with specific mAb. For visualization of proteins, the chemiluminescence image
analyzer Azure 280 (AzureBiosystems, Dublin, CA) was used.

SARS-CoV-2 infection and In-Cell ELISA

The African green monkey kidney-derived Vero cells (ATCC CCL-81™) were seeded into 96-well
flat-bottom plates (1x10* cells, 80 pl/well) in Dulbecco’s Modified Eagle’s medium (DMEM), high
glucose, with GlutaMAX and sodium pyruvate (Gibco/Thermo Fisher Scientific, Waltham, MA USA)
supplemented with 10% fetal calf serum (FCS, Biowest, Nuaillé, France), 1% MEM non-essential
amino acids solution, 100 U/mL penicillin and 100 ug/mL streptomycin (all latter from Gibco/Thermo
Fisher Scientific). On the next day, tested peptides, LF and controls were diluted in DMEM medium
with reduced serum (2% FCS) in a separate plate so that the concentration was 1.33-fold higher than
final. Ninety ul of the solution was used to pretreat seeded cells (old medium was discarded) for
approx. 40-60 min. During the incubation time, cells were transferred to the BSL3 facility of the
Medical University of Vienna and then infected with 30 pl (300 TCID50/well; multiplicity of
infection (MOI) =0.02) of the authentic SARS-CoV -2 isolate BetaCoV/Munich/BavPat1/2020 [kindly
provided by Christian Drosten, Charité, Berlin (28), and distributed by the European Virology Archive
(Ref-SKU: 026V-03883)] that was diluted to 1x10* TCID50/mL in DMEM/2% FCS. Cells were then
incubated at 37°C. After 48 h, cells were fixed by adding 45 ul/well 37% formaldehyde for 20 min.
Supernatants were then aspired and the entire plate was fixed in fresh 5% formaldehyde in PBS for 30
min. Next, the formaldehyde was removed, the cells were washed with PBS, permeabilized using
0.1% Triton X-100 in PBS and blocked with blocking buffer (10% FCS in PBS+0.05% Tween-20).
Subsequently, the cells were stained by indirect immunofluorescence using a rabbit anti-SARS-CoV-2
nucleocapsid mAb (40143-R019, SinoBiological, Beijing, China, diluted 1:15000 in blocking buffer)
followed by a goat anti-rabbit-HRP conjugate (170-6515, Bio-Rad, Hercules, CA USA, diluted
1:10,000 in blocking buffer). In-Cell ELISA was then developed using DY 999 subsirate solution
according to the manufacturer's recommendations (R&D Systems, Minneapolis, MN USA) and
measured at 450 nm (and at 630 nm to assess the background) using a Mithras multimode plate reader
(Berthold Technologies, Bad Wildbad, Germany). To calculate percent inhibition of infection at each
well, the following formula was used: 100 — [(X - average of _Ino virus_] wells)/(average of [Ivirus
only] wells - average of [ no virus™] wells)*100], where X isthe background-subtracted read for each
well.

Satistical analysis

All experiments were performed at least three times in at least duplicates. The data were expressed as
mean values with standard deviations. Statistical significance was evaluated by using a Student’ s t-test
or one-way ANOV A with Tukey post-test; values of p*<0.05, p**<0.005, p***<0.0005 (as indicated)
were considered to be significant or highly significant, respectively. Relative IC50 values were
determined by a4PL nonlinear regression curve fit.


https://doi.org/10.1101/2021.12.20.473447

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.20.473447; this version posted December 22, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

SARS-CoV-2 inhibition by the N-terminal peptide of lactoferrin

Acknowledgement

This work was supported by grants of the Science and Technology Assistance Agency of the Slovak
Republic (APVV-16-0452, APVV-20-0513), of the Slovak Grant Agency VEGA (2/0020/17,
2/0152/21) and of the Austrian Science Fund (FWF; P 34253-B).

Author information
The authors declare no competing financial interests.
Author ship contributions

V.L. and A.O.R. conceived and designed the experiments. V.L., A.O.R,, L.G,, G.T., RP., RS, P.B.,
G.O. performed and analyzed the experiments. H.S. contributed with ideas, comments and materials.
V.L. wrote the paper. All authors read and corrected the manuscript.

References

1. Fuentes-Prior, P. (2021) Priming of SARS-CoV-2 S protein by several membrane-
bound serine proteinases could explain enhanced viral infectivity and systemic
COVID-19 infection. J Biol Chem 296, 100135

2. Dessie, G., and Malik, T. (2021) Role of Serine Proteases and Host Cell Receptors
Involved in Proteolytic Activation, Entry of SARS-CoV-2 and Its Current Therapeutic
Options. Infect Drug Resist 14, 1883-1892

3. Koch, J., Uckeley, Z. M., Doldan, P., Stanifer, M., Boulant, S., and Lozach, P. Y. (2021)
TMPRSS2 expression dictates the entry route used by SARS-CoV-2 to infect host cells.
EMBO J 40, e107821

4, Gioia, M., Ciaccio, C., Calligari, P., De Simone, G., Sbardella, D., Tundo, G., Fasciglione,
G. F., Di Masi, A., Di Pierro, D., Bocedi, A., Ascenzi, P., and Coletta, M. (2020) Role of
proteolytic enzymes in the COVID-19 infection and promising therapeutic
approaches. Biochem Pharmacol 182, 114225

5. Kaur, U., Chakrabarti, S. S., Ojha, B., Pathak, B. K., Singh, A., Saso, L., and Chakrabarti,
S. (2021) Targeting Host Cell Proteases to Prevent SARS-CoV-2 Invasion. Curr Drug
Targets 22, 192-201

6. Muller, P., Maus, H., Hammerschmidt, S. J., Knaff, P., Mailander, V., Schirmeister, T.,
and Kersten, C. (2021) Interfering with Host Proteases in SARS-CoV-2 Entry as a
Promising Therapeutic Strategy. Curr Med Chem

7. Zwirzitz, A., Reiter, M., Skrabana, R., Ohradanova-Repic, A., Majdic, O., Gutekova, M.,
Cehlar, O., Petrovcikova, E., Kutejova, E., Stanek, G., Stockinger, H., and Leksa, V.
(2018) Lactoferrin is a natural inhibitor of plasminogen activation. The Journal of
biological chemistry 293, 8600-8613

8. Wakabayashi, H., Takase, M., and Tomita, M. (2003) Lactoferricin derived from milk
protein lactoferrin. Current pharmaceutical design 9, 1277-1287
9. Zarzosa-Moreno, D., Avalos-Gomez, C., Ramirez-Texcalco, L. S., Torres-Lopez, E.,

Ramirez-Mondragon, R., Hernandez-Ramirez, J. O., Serrano-Luna, J., and de la Garza,
M. (2020) Lactoferrin and Its Derived Peptides: An Alternative for Combating
Virulence Mechanisms Developed by Pathogens. Molecules 25

10. Huggins, D. J. (2020) Structural analysis of experimental drugs binding to the SARS-
CoV-2 target TMPRSS2. J Mol Graph Model 100, 107710

11. Ji, H. L., Zhao, R., Matalon, S., and Matthay, M. A. (2020) Elevated Plasmin{ogen) as a
Common Risk Factor for COVID-19 Susceptibility. Physiol Rev 100, 1065-1075

12. Matsuyama, S., Nao, N., Shirato, K., Kawase, M., Saito, S., Takayama, |., Nagata, N.,
Sekizuka, T., Katoh, H., Kato, F., Sakata, M., Tahara, M., Kutsuna, S., Ohmagari, N.,


https://doi.org/10.1101/2021.12.20.473447

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.20.473447; this version posted December 22, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

SARS-CoV-2 inhibition by the N-terminal peptide of lactoferrin

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Kuroda, M., Suzuki, T., Kageyama, T., and Takeda, M. (2020) Enhanced isolation of
SARS-CoV-2 by TMPRSS2-expressing cells. Proc. Natl. Acad. Sci. U. S. A. 117, 7001-
7003

Lang, J.,, Yang, N., Deng, J., Liu, K., Yang, P., Zhang, G., and Jliang, C. (2011) Inhibition
of SARS pseudovirus cell entry by lactoferrin binding to heparan sulfate
proteoglycans. PLoS One 6, e23710

Bojkova, D., Bechtel, M., McLaughlin, K. M., McGreig, J. E., Klann, K., Bellinghausen,
C., Rohde, G., Jonigk, D., Braubach, P., Ciesek, S., Munch, C., Wass, M. N., Michaelis,
M., and Cinatl, J., Jr. (2020) Aprotinin Inhibits SARS-CoV-2 Replication. Cells 9

Bestle, D., Heindl, M. R., Limburg, H., Van Lam van, T., Pilgram, O., Moulton, H., Stein,
D. A., Hardes, K., Eickmann, M., Dolnik, O., Rohde, C., Klenk, H. D., Garten, W.,
Steinmetzer, T., and Bottcher-Friebertshauser, E. (2020) TMPRSS2 and furin are both
essential for proteolytic activation of SARS-CoV-2 in human airway cells. Life Sci
Alliance 3

Naidu, S. A. G., Clemens, R. A., Pressman, P., Zaigham, M., Davies, K. J. A, and Naidu,
A. S. (2020) COVID-19 during Pregnancy and Postpartum: Antiviral Spectrum of
Maternal Lactoferrin in Fetal and Neonatal Defense. J Diet Supp!, 1-37

Campione, E., Cosio, T., Rosa, L., Lanna, C., Di Girolamo, S., Gaziano, R., Valenti, P.,
and Bianchi, L. (2020) Lactoferrin as Protective Natural Barrier of Respiratory and
Intestinal Mucosa against Coronavirus Infection and Inflammation. Int J Mol Sci 21
Mirabelli, C., Wotring, J. W., Zhang, C. J., McCarty, S. M., Fursmidt, R., Pretto, C. D.,
Qiao, Y., Zhang, Y., Frum, T., Kadambi, N. S., Amin, A. T., O'Meara, T. R., Spence, J. R,,
Huang, J., Alysandratos, K. D., Kotton, D. N., Handelman, S. K., Wobus, C. E.,
Weatherwax, K. J., Mashour, G. A, 0'Meara, M. J., Chinnaiyan, A. M., and Sexton, J.
Z. (2021) Morphological cell profiling of SARS-CoV-2 infection identifies drug
repurposing candidates for COVID-19. Proc Natl Acad Sci US A 118

Rosa, L., Tripepi, G., Naldi, E., Aimati, M., Santangeli, S., Venditto, F., Caldarelli, M.,
and Valenti, P. (2021) Ambulatory COVID-19 Patients Treated with Lactoferrin as a
Supplementary Antiviral Agent: A Preliminary Study. J Clin Med 10

Legrand, D., Elass, E., Carpentier, M., and Mazurier, J. (2006) Interactions of
lactoferrin with cells involved in immune function. Biochem Cell Biol 84, 282-290
Bellamy, W., Takase, M., Wakabayashi, H., Kawase, K., and Tomita, M. {1992)
Antibacterial spectrum of lactoferricin B, a potent bactericidal peptide derived from
the N-terminal region of bovine lactoferrin. The Journal of applied bacteriology 73,
472-479

Hunter, H. N., Demcoe, A. R., Jenssen, H., Gutteberg, T. J., and Vogel, H. J. (2005)
Human lactoferricin is partially folded in agueous solution and is better stabilized in a
membrane mimetic solvent. Antimicrob Agents Chemother 49, 3387-3395

Gifford, J. L., Hunter, H. N., and Vogel, H. J. (2005) Lactoferricin: a lactoferrin-derived
peptide with antimicrobial, antiviral, antitumor and immunological properties. Cell
Mol Life Sci 62, 2588-2598

Zhao, W., Li, X,, Yu, Z.,, Wu, S., Ding, L., and Liu, J. (2022) Identification of lactoferrin-
derived peptides as potential inhibitors against the main protease of SARS-CoV-2.
Lebensm Wiss Technol 154, 112684

Dikovskaya, M. A., Trunov, A. N., Chernykh, V. V., and Korolenko, T. A. (2013) Cystatin
C and lactoferrin concentrations in biological fluids as possible prognostic factors in
eye tumor development. Int J Circumpolar Health 72


https://doi.org/10.1101/2021.12.20.473447

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.20.473447; this version posted December 22, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

SARS-CoV-2 inhibition by the N-terminal peptide of lactoferrin

26. Kaur, G., and Gathwala, G. (2015) Efficacy of Bovine Lactoferrin Supplementation in
Preventing Late-onset Sepsis in low Birth Weight Neonates: A Randomized Placebo-
Controlled Clinical Trial. J Trop Pediatr 61, 370-376

27. Manzoni, P. (2016) Clinical Benefits of Lactoferrin for Infants and Children. J Pediatr
173 Suppl, S43-52

28. Rothe, C., Schunk, M., Sothmann, P., Bretzel, G., Froeschl, G., Wallrauch, C., Zimmer,
T., Thiel, V., Janke, C., Guggemos, W., Seilmaier, M., Drosten, C., Vollmar, P.,
Zwirglmaier, K., Zange, S., Wolfel, R., and Hoelscher, M. (2020) Transmission of 2019-
nCoV Infection from an Asymptomatic Contact in Germany. N. Engl. J. Med. 382, 970-
971

Abbreviations

ACE2, angiotensin converting enzyme-2; Ap, aprotinin; COVID-19, coronavirus disease 2019; LF,
lactoferrin; LFC, lactoferricin; mAb, monoclonal antibody; Plg, plasminogen; SAR-CoV-2, severe
acute respiratory syndrome coronavirus 2; TA, tranexamic acid; TMPRSS2, transmembrane protease
serine 2; UPA, urokinase-type plasminogen activator.


https://doi.org/10.1101/2021.12.20.473447

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.20.473447; this version posted December 22, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

SARS-CoV-2 inhibition by the N-terminal peptide of lactoferrin

Figurelegends:

Figure 1. Effect of the LF-derived peptides pLF1-pLF3 on Plg and plasmin activity. A, Plg was
coated onto wells of a 96-well plate, incubated with either LF, the LF derived peptides pLF1-pLF3,
the control peptide (pCTR), Ap (an inhibitor of serine proteases) or TA (a lysine analogue) at the
indicated concentrations. Plg was activated by adding uPA at 37°C and its activity was measured by
supplementation of the chromogenic plasmin-specific substrate S-2251 using a microplate reader. B,
Plasmin was coated onto wells, incubated with increasing concentrations of either pCTR, LF or pLF1
as indicated, and supplemented with S-2251. Ap served as positive control. The color change was
measured by a microplate reader.

Figure 2. Effect of the LF-derived peptides pLF1-pLF3 on the activity of serine proteases.
Proteolytic activities of purified TMPRSS2 (A), elastase (B), plasmin (C), and trypsin (D) were
measured with or without peptides pLF1, pLF2, pLF3 or pCTR at 37°C in PBS using the fluorogenic
substrate Boc-Gln-Ala-Arg-AMC. The reaction was monitored using an ELISA reader for the
indicated time intervals. The inset in (A) shows a concentration dependence of the inhibition of the
activity of TMPRSS2 by pLF1.

Figure 3. Effect of LF and the LF-derived peptide pLF1 on processing of the SARS-CoV-2 S
protein. Purified recombinant 6xHis-tagged S-protein was exposed to TMPRSS2 (A) or plasmin (B)
with or without LF, pLF1 or pCTR at 37°C in PBS for 30 min. The digestion of the S-protein was
analyzed by immunoblotting of the reaction mixtures followed by staining with a SARS-CoV-2 S-
protein specific mAb.

Figure 4. Effect of LF and the LF-derived peptides pLF1-pLF3 on the infection capability of
SARS-CaoV-2. Vero cells were incubated with or without LF, peptides pLF1, pLF2, pLF3 or pCTR for
approx.1 h and then infected with the authentic SARS-CoV-2 (MOI =0.02). After 48 h, the cells were
fixed and the infection rate was assessed by In-Cell ELISA. Values show mean inhibitory capacity of
LF and the indicated peptides + SD from three independent experiments.
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