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A B S T R A C T   

The COVID-19 pandemic has shown the need to develop effective therapeutics in preparedness for further epi-
demics of virus infections that pose a significant threat to human health. As a natural compound antiviral 
candidate, we focused on α-dystroglycan, a highly glycosylated basement membrane protein that links the 
extracellular matrix to the intracellular cytoskeleton. Here we show that the N-terminal fragment of α-dystro-
glycan (α-DGN), as produced in E. coli in the absence of post-translational modifications, blocks infection of 
SARS-CoV-2 in cell culture, human primary gut organoids and the lungs of transgenic mice expressing the human 
receptor angiotensin I-converting enzyme 2 (hACE2). Prophylactic and therapeutic administration of α-DGN 
reduced SARS-CoV-2 lung titres and protected the mice from respiratory symptoms and death. Recombinant 
α-DGN also blocked infection of a wide range of enveloped viruses including the four Dengue virus serotypes, 
influenza A virus, respiratory syncytial virus, tick-borne encephalitis virus, but not human adenovirus, a non- 
enveloped virus in vitro. This study establishes soluble recombinant α-DGN as a broad-band, natural com-
pound candidate therapeutic against enveloped viruses.   
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1. Introduction 

Dystroglycan (DG) is an adhesion complex expressed in developing 
and adult tissues, where its main function is to anchor elements of the 
extracellular matrix (ECM) to the actin cytoskeleton and increase their 
stability. DG is present as part of the dystrophin-glycoprotein complex 
(Fig. 1A, left) in a variety of tissues and cell types, including skeletal and 
cardiac muscle, epithelial cells, neurons and glia in the central and pe-
ripheral nervous system (Barresi and Campbell, 2006; Sciandra et al., 
2015). Dystroglycan is composed of two subunits: the highly glycosy-
lated extracellular α-subunit (α-DG) and the transmembrane β-subunit 
(β-DG), that interact non-covalently to form a bridge between the ECM 
and the actin cytoskeleton (Fig. 1A, left). α-DG is a receptor for ECM 
proteins such as laminins, perlecan, neurexins and agrin. It is composed 
of a N- and a C-terminal globular domain, separated by an elongated, 

extensively glycosylated mucin-like region, a domain arrangement 
evolutionarily remarkably conserved (Adams and Brancaccio, 2015) 
(Fig. 1A, left). α-DG acts as the cell receptor for some arenaviruses such 
as Lassa fever virus (LFV) (Cao et al., 1998), that specifically interact 
with the glycans decorating the mucin-like region of α-DG (Katz et al., 
2022). The proprotein convertase furin cleaves α-DG during maturation 
in the Golgi apparatus, liberating its N-terminal domain called α-DG 
N-terminus (α-DGN) (Fig. 1A, dubbed α-Nt in the dotted circle and 
zoomed on the right), during maturation in the Golgi apparatus (Kana-
gawa et al., 2004). Contrary to the rest of the protein, α-DGN is scarcely 
glycosylated (Brancaccio et al., 1997) and it is an autonomous folding 
unit that constitutes itself of an N-terminal Ig-like domain connected by 
a flexible loop to a ribosomal RNA binding protein S6-like domain (Bozic 
et al., 2004) (Fig. 1A, right). Whilst the α-DGN domain harboured by 
α-DG has been shown to be important for α-DG decoration with glycans 

Fig. 1. α-DGN and its inhibitory activity against pseudotyped human coronaviruses. (A) Left: schematic representation of the dystrophin-glycoprotein complex 
(DGC). This multiprotein complex, of which dystroglycan (DG) is a central element, anchors the extracellular matrix (ECM) to actin and other components of the 
cytoskeleton. Extracellular α-DG binds different ECM proteins, such as laminin, while transmembrane β-DG binds the actin cytoskeleton via direct interaction with 
dystrophin. Also depicted are other intracellular molecules associated with the DGC. The N-terminal of α-DG (α-DGN), highlighted in the dashed circle, is liberated in 
circulation following cleavage by furin. α-Ct: α-DG C-terminal, α-Nt: α-DG N-terminal. Right: cartoon representation of the 3D-structure of α-DGN (PDB: 1U2C). 
Shown are the two domains (N-term Ig-like, in cyan and C-term S6-like, in magenta and enclosed into the full circle) and the position of the flexible undefined loop 
(FUL) connecting them is indicated. (B) Alignment of the amino acid sequences of mα-DGN (Uniprot: Q62165, top) and hα-DGN (Uniprot: Q14118, bottom), showing 
a degree of identity of ~93 % (~97 % similarity). The sequences of the Ig-like and S6-like domains are highlighted in cyan and magenta boxes, respectively. Amino 
acid conservation code: (*) identity, (.) strong similarity, (.) weak similarity. (C) SDS-PAGE of the recombinant α-DGN proteins (indicated over each lane) used in this 
study, as final products of the purification procedure. (D) Recombinant α-DGN unfolding curves measured by intrinsic tryptophan fluorescence spectroscopy, as fitted 
to a two-state linear extrapolation model. The mid-point of the transitions (Cm), 2.8M for mα-DGN, 2.7M for hα-DGN and 1.8M for the shortened version mS6, are 
indicative of stable polypeptides. (E-H) Dose-response curves for mα-DGN, hα-DGN or mS6 pre-treated Caco-2 cells infected with VSV pseudotyped particles 
expressing the spike protein from E) SARS-CoV-2, F) SARS-CoV, G) MERS-CoV and H) HCoV-229E. Infection was quantified by measuring GFP-positive cells and data 
are expressed as % inhibition normalized to an unrelated protein control (mean ± SEM). IC50 values (from n = 3 independent experiments) were calculated using 
nonlinear regression calculations. (I) Representative immunofluorescence images of infected cells treated with either mα-DGN, hα-DGN, mS6 (10 μM), or vehicle 
control, as indicated (infected, GFP-positive cells in green and Hoechst for nuclei in blue). Scale bar: 200 μm. 
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(Cao et al., 1998; Okuma et al., 2023), the physiological function of 
α-DGN is unknown, despite its detection in trace amounts in plasma and 
cerebrospinal fluids (Hesse et al., 2011; Saito et al., 2008; Crowe et al., 
2016). It was recently reported that α-DGN exerts antiviral activity 
against Influenza A virus in mice (de Greef et al., 2019). Here, we show 
that α-DGN is a broad range antiviral protein that blocks infection by a 
wide range of enveloped viruses including severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) and dengue virus. 

2. Materials and methods 

2.1. α-DGN production 

The murine and human proteins (variants R166H and R168H, 
respectively) were produced in E.coli BL21 CodonPlus(DE3) RIL (Agilent 
Technologies) carrying the plasmid pHisTrx-mα-DGN and pHisTrx-hα- 
DGN, respectively, and purified as previously described (Bozzi et al., 
2015). Both plasmids were used either in their original form or in a 
mutated form where the thrombin cleavage site between the thioredoxin 
fusion protein and α-DGN was replaced by a TEV proteolytic site, to yield 
pHisTrx(TEV)-mα-DGN and pHisTrx(TEV)-hα-DGN. A multi-sites muta-
genesis protocol adapted from the Quickchange single-step mutagenesis 
protocol was employed successfully to insert this modification (Liu and 
Naismith, 2008). The gene of the mouse S6-like domain (for the amino 
acid sequence see Fig. S1A), as synthetically produced by GeneArt, was 
cloned into the pHisTrx(TEV) plasmid for protein production in E.coli 
downstream of a His-tagged thioredoxin fusion partner. The mS6 protein 
was expressed and purified following the same protocol as the 
full-length protein (Bozzi et al., 2015). 

2.2. Cell lines and antibodies 

African Green Monkey kidney epithelial cell line Vero E6 expressing 
TMPRSS2 (VeroE6-TMPRSS2), human embryonic epithelial cells 293T 
expressing ACE2 and TMPRSS2 (HEK-ACE2-TMPRSS2) (Cantuti-Cas-
telvetri et al., 2020), human cervical epithelial cell line HeLa and HeLa 
cells expressing ACE2, human lung epithelial cell line A549 and A549 
cells expressing ACE2 and TMPRSS2 (AAT) were cultured in Dulbecco’s 
Modified Eagle’s Medium with 4500 mg/L glucose (Sigma-Aldrich, FIN) 
supplemented with 10 % fetal bovine serum (FBS; Gibco, FIN, UK), 2 
mM L-glutamine (Sigma-Aldrich, FIN, UK), 100 units of penicillin, 0.1 
mg/ml streptomycin (PenStrep; Sigma-Aldrich, FIN, UK), and 0.1 mM 
non-essential amino acids (NEAA; Sigma-Aldrich, FIN, UK). Human 
neuroblastoma cell line SK-N-SH (ATCC HTB-11) was cultured in Dul-
becco’s Modified Eagle’s Medium with 1 g/L glucose (Sigma-Aldrich, 
FIN) supplied with 10 % FBS, L-glutamine and PenStrep as above. The 
colorectal adenocarcinoma Caco-2 cell line and Caco-2 expressing ACE2 
were maintained in DMEM + GlutaMAX containing 1 mM sodium py-
ruvate (Gibco™, Thermo Fisher, UK), 10 % FBS (Gibco™, Thermo 
Fisher, UK), PenStrep as above, and 0.1 mM NEAA (Sigma Aldrich, UK). 
Huh7 (Duke Cell Repository) cells were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM) with 10 % FBS. All cell lines were cultured in a 
37 ◦C incubator with 5 % CO2 and passaged 1:8 (VeroE6-TMPRSS2, 
HeLa, HeLa-ACE2, A549, AAT), 1:5 (SK-N-SH) or 1:4 (Caco-2, 
Caco-2-ACE2) every three to four days. 

Immunostaining was done using polyclonal rabbit anti-SARS-CoV 
nucleocapsid (N) protein antibody (Rockland, UK), polyclonal rabbit 
anti-SARS-CoV-2 (2019-nCoV) spike antibody (SinoBiological, UK), in 
house prepared monoclonal mouse hybridoma anti-NP (HB-65, ATCC) 
antibody, rabbit polyclonal antibody raised against TBEV membrane 
protein (M; Pulkkinen et al., 2022), goat anti-rabbit Alexa Fluor-488 
(Thermo Fisher, UK), goat anti-mouse Alexa Fluor-488 (Thermo 
Fisher, UK), goat anti-rabbit Alexa Fluor-594 (Thermo Fisher, UK), 
wheat germ agglutinin (WGA) Alexa Fluor-647 (Thermo Fisher, UK), 
phalloidin Alexa Fluor-594 (Thermo Fisher, UK), Hoechst 3342 (Thermo 
Fisher, UK). 

2.3. Viruses 

The following SARS-CoV-2 ancestral early passage virus isolates and 
VOCs were used in this study: ancestral SARS-CoV-2 isolates Finland/1/ 
2020 (GenBank ID: MT020781.2), SARS-CoV-2/hCoV-19/Singapore/2/ 
2020 (SG12) (GISAID ID: EPI_ISL_407987) (Gan et al., 2021), 
SARS-CoV-2/human/GBR/liverpool_strain/2020 (GenBank ID: 
MW041156.1,) (Daly et al., 2020) and SARS-CoV-2 VOCs, Gamma 
(hCoV-19/England/520336_B1_P0/2021, GISAID ID: EPI_-
ISL_2080492), Delta (hCoV-19/England/BRS-UoB-233/2021, GISAID 
ID: EPI_ISL_15250227) (Erdmann et al., 2022), Omicron BA.1 (hCo-
V-19/England/BRS-UoB-942/2022, GISAID ID: EPI_ISL_18150332) and 
Omicron BA.4 (hCoV-19/England/BRS-UoB-942/2022, GISAID ID: 
EPI_ISL_18151340). The Delta, Omicron BA.1 and BA.4 VOCs were 
isolated from clinical research samples collected through the Bristol 
Biobank (UK NHS Research Ethics Committee Ref 20/WA/0273). The 
Gamma VOC was kindly provided by Professor Wendy Barclay, Imperial 
College, London and Professor Maria Zambon, UK Health Security 
Agency). Viral stocks were produced by infecting VeroE6-TMPRSS2 cells 
at a multiplicity of infection (MOI) of 0.01 in infection medium (Mini-
mal Essential Medium (MEM) supplemented with 2 % FBS, L-glutamine, 
PenStrep and NEAAs. Virus containing supernatant was collected at 
24–72 h post infection (h.p.i.) and clarified either by centrifugation for 
10 min at 300×g or filtration through a 0.2 μM membrane, stored at 
− 80 ◦C and used for infections. Tick-borne encephalitis virus (TBEV) 
strain Kuutsalo-14_Ixodes_ricinus_Finland-2017 (GenBank ID: 
MG589938.1) was produced by infecting SK-N-SH cells at MOI of 0.001 
in infection medium (DMEM, 2 % FBS, L-glutamine, PenStrep, 0.35 μM 
rapamycin (SelleckChem, S1039)). Virus-containing supernatant was 
collected at 72 h.p.i., pre-cleared and stored as described above. Virus 
titres were determined using plaque assay or TCID50 titrations in 
VeroE6-TMPRSS (SARS-CoV-2) or SK-N-SH (TBEV) cells. SFV-ZsG, 
RSV-GFP, and VSV-GFP were produced in BHK-21, Hep-2 [HeLa], and 
Vero-E6 cells respectively. Cells were infected at an MOI of 0.1 for 22 h 
(SFV-ZsG and VSV-GFP) or 48 h (RSV-GFP), in MEM supplemented with 
0.2 % BSA, 2 mM L-glutamine, penstrep and NEAA. The collected media 
were centrifuged twice at 300×g for 10 min, at 4 ◦C and the supernatants 
aliquoted and stored at − 80 ◦C. hAdV5-RFP was kindly provided by Dr 
Vincenzo Cerullo, University of Helsinki. 

DENV2 (ST) was a clinical isolate obtained from Singapore General 
Hospital while DENV1-2402, DENV3-863, and DENV4-2270 were clin-
ical isolates obtained from the Early Dengue Infection and Outcome 
study (Low et al., 2006). 

2.4. Infection inhibition assays 

2.4.1. Pre-incubation of mɑ-DGN with virus 
For infections with SARS-CoV-2 Finland/1/2020, RSV, SFV, TBEV, 

VSV and hAd5, cells were seeded in a ViewPlate-96 (PerkinElmer, FIN.) 
at a concentration of 10,000 cells per well one day prior to the assay. The 
virus was mixed with 10 μM mɑ-DGN or buffer control, incubated for 5 
min at room temperature and used to infect the cells. For each virus, the 
viral dose was calibrated to obtain 20–30% infected cells in buffer 
control treated cells. Following a 16 h (TBEV, RSV-GFP, hAdV5) or 6h 
(SFV-ZsG, VSV-GFP) infection, the cells were fixed with 4 % formalde-
hyde, washed with PBS and infected cells were identified by immuno-
staining using antibodies raised against dsRNA (SCICONS) for TBEV, or 
by direct detection of fluorescence produced by reporter fluorescent 
proteins expressed by recombinant viruses SFV-ZsG, VSV-GFP, RSV-GFP 
and hAdV5-RFP, and quantified using the open source Cell Profiler-4 
software. The inhibitory effect of ɑ-DGN was determined by 
comparing the percentage of infected cells in the presence of the protein 
or buffer control. 

2.4.2. Pre-incubation of mɑ-DGN with cells 
For infections with SARS-CoV-2 Wuhan, Gamma, VOC Delta Clin94, 
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Omicron BA.1 and Omicron BA.4, and influenza A virus strain X-31 (A/ 
Hong Kong/1/1968 HA and NA with the internal genes from PR8, A/ 
Puerto Rico/8/34) cells were seeded in clear 96-well microplates 
(Greiner Bio-one, UK) at a concentration of 10,000 cells per well one day 
prior to the assay. Cells were pre-treated with 10 μM mɑ-DGN for 30 min 
at 37 ◦C prior to the addition of virus in infection media (MEM, 2 % FBS, 
0.1 % NEAA) at an MOI of 0.1. Following a 16-h incubation at 37 ◦C and 
5 % CO2, cells were fixed with 4 % formaldehyde. The fixed cells were 
blocked in PBS, 1 % BSA for 30 min followed by permeabilization for 3 
min (PBS, 1 % BSA, 0.1 % Triton-X 100). Thereafter the cells were 
stained with anti-N (1:2000) (SARS-CoV-2) or with anti-NP (1:15) (IAV) 
for 60 min at room temperature. The cells were washed and stained with 
goat anti-rabbit Alexa Fluor-488 (1:2,500, SARS-CoV-2) or goat anti- 
mouse Alexa Fluor-488 (1:2,500, IAV) for 30 min at room tempera-
ture. Hoechst was used to stain the nuclei. Cells were imaged using an 
automated spinning-disc microscope CQ1 (Confocal Quantitative Image 
Cytometer, Yokogawa Electric Corporation, Japan). Images were ana-
lysed using Cell Pathfinder (Yokogawa Electric Corporation, Japan) 
software and Prism 9.4 (GraphPad), The inhibitory effect of ɑ-DGN was 
determined by comparing the percentage of infected cells in the pres-
ence or absence of the protein. 

2.5. Generation and viral infection of organoids 

Human jejunal samples were obtained from patients undergoing 
Roux-en-Y gastric bypass surgery. The study regarding relevant samples 
and associated ethical regulations were approved by Helsinki University 
Hospital review board. Written and informed consent was obtained 
before enrolment. Crypts from human jejunal biopsies were isolated by 
vigorous shaking after 1 h incubation in ice cold PBS with 10 mM EDTA. 
To enrich crypts, tissue suspension was filtered through 70 μm nylon 
mesh. Enriched crypts were washed once with cold PBS and plated into 
60 % Matrigel (BD Biosciences). overlaid with hENR medium; 
(Advanced DMEM/F12 (Gibco), 1 × Glutamax (Gibco), 10 mM Hepes 
(AdDF++), 1 × B-27 (Gibco), 1 × N-2 (Gibco), 50 ng/ml of mouse EGF 
(RnD), 100 ng/ml noggin (Peprotech), 500 ng/ml of R-spondin-1 (RnD), 
10 nM gastrin (Sigma-Aldrich), 100 ng/ml Wnt3A (RnD), 10 mM nico-
tinamide (Sigma-Aldrich), 500 nM A-83-01 (Sigma-Aldrich) and 10 μM 
SB202190 (Sigma-Aldrich). Organoids were collected into cold adDF++

medium and washed once to remove excess Matrigel. Organoids were 
then sheared using a P1000 pipette tip and trituration and dispensed 
onto multi-well tissue culture plates at approximately 500,000 cells per 
well. SARS-CoV-2 was mixed with 1 or 10 μM mɑ-DGN or buffer, incu-
bated for 5 min at room temperature and used to infect the broken 
organoids at MOI of = 1 for 2 h at 37 ◦C and 5 % CO2, after which the 
unbound virus was removed by washing with AdDF++ and centrifu-
gation for 5 min at 300×g. Organoids were embedded in Matrigel 
incubated for 20 min at 37 ◦C and 5 % CO2 to allow matrigel solidifi-
cation and then overlaid with hENR. After 48 h organoids were fixed 
with 4 % formaldehyde and processed for immunofluorescence using an 
antibody against dsRNA. 

2.6. Pseudovirus particle generation and infection 

Pseudovirus particles expressing the surface spike protein of interest 
(SARS-CoV-S, SARS-CoV-2-S, MERS-CoV-S, HCoV-229E-S) were gener-
ated using the VSVΔG system as previously described (Hoffmann et al., 
2020; Berger Rentsch and Zimmer, 2011). In brief, HEK293T cells were 
transfected with pCG1_SARS-CoV-S, pCG1_SARS-CoV-2-S, 
pCAGGS_MERS-CoV-S or pCAGGS_HCoV-229E-S using polyethylenimin 
(PEI) Max (MW = 40 KDa, Polysciences, DE) as transfection reagent at a 
ratio of 4:1 (PEI:DNA) in serum free DMEM for 4 h at 37 ◦C. Subse-
quently the cells were washed with PBS and cultured in DMEM sup-
plemented with 5 % FBS at 37 ◦C overnight. The cells were then 
subjected to the replication deficient VSV*ΔG-fLuc vector, whose 
glycoprotein (G) gene is substituted by an expression cassette for 

enhanced green fluorescent protein (eGFP) and firefly luciferase for 2 h 
at 37 ◦C. The cells were washed once with PBS and cultured in medium 
supplemented with anti-VSV-G I1 antibody (Clone 8G5F11, Absolute 
Antibody, UK) for a further 24 h at 37 ◦C. The supernatant was harvested 
and concentrated by ultracentrifugation through a sucrose cushion (10 
%–30 %) at 100,000×g for 2 h. The pellet was resuspended in PBS 
supplemented with 10 % FBS, aliquoted and stored at − 80 ◦C until use. 

For inhibition studies using VSV pseudotyped particles (VSVpp) 
expressing different spike proteins (VSVpp-SARS-CoV-S, VSVpp-SARS- 
CoV-2-S, VSVpp-MERS-CoV-S and VSVpp-HCoV-229E-S), Caco-2 cells 
were grown in μclear 96-well microplates (Greiner Bio-one, UK). Cells 
were pre-treated with the respective compounds (mɑ-DGN, hɑ-DGN and 
mS6) for 30 min at 37 ◦C prior to the addition of VSVpp in infection 
media (DMEM, 2 % FBS). Following a 16 h incubation at 37 ◦C, the cells 
were fixed with 4 % formaldehyde, washed and the nuclei stained with 
Hoechst. Infection was quantified by measuring GFP-positive cells using 
an automated spinning-disc microscope CQ1 (Confocal Quantitative 
Image Cytometer, Yokogawa Electric Corporation, Japan). Images were 
analysed using Cell Pathfinder (Yokogawa, Japan) and Prism 9.4.0 
(GraphPad). IC50 values were calculated by nonlinear regression anal-
ysis using the dose–response (variable slope) equation. 

2.7. Plaque assays 

Cells were grown in a 6-well plate and infected with 200 μl of 10-fold 
serial dilutions of virus in infection medium. Following 1 h incubation at 
37 ◦C and 5 % CO2 with rocking, cell monolayers were covered with 3 ml 
of overlay medium (MEM, 2 % FBS, L-glutamine, penstrep, 1.2 % Avi-
cel). Cells were fixed with 10 % formaldehyde at 60 h.p.i. (SARS-CoV-2) 
or 72 h.p.i. (TBEV) and plaques were visualized by staining with a 
crystal violet solution (0.2 % crystal violet, 1 % methanol, 20 % ethanol, 
3.6 % formaldehyde). Viral titres were determined as plaque-forming 
units per ml of stock. 

2.8. mα-DGN binding to cells 

For these experiments mα-DGN was conjugated with Alexa Fluor-647 
succinimidyl (NHS) esther (ThermoFisher Scientific) following an 
established protocol (Hayashi-Takanaka et al., 2014). 
A549-ACE2-TMPRSS2 or Caco-2-ACE2 cells were seeded into μclear 
96-well microplates (Greiner Bio-one, UK) at a concentration of 6,000 or 
10,000 cells per well respectively the day before the binding assay. The 
cells were washed once with media and then incubated with 4 μM of 
Alexa Fluor-647 labelled mα-DGN for 45 min on a chilled metal plate on 
ice, after which cells were immediately fixed with 4 % formaldehyde. 
Fixed cells were then blocked with PBS, 1 % BSA for 30 min at room 
temperature. The nucleus was stained with Hoechst and actin filaments 
with phalloidin Alexa Fluor-594 (1:2000). The cells were imaged using 
an automated spinning-disc microscope CQ1 (Confocal Quantitative 
Image Cytometer, Yokogawa Electric Corporation, Japan) with a 40 
x/0.95na objective. Images were generated using ImageJ. 

2.9. SARS-CoV-2 replicon transfection and inhibition assay 

The Wuhan-Hu-1 SARS-CoV-2 (pSC2-Rep-Wu-Gp-RL) replicon, 
lacking the coding regions for the spike and membrane proteins was 
used. These regions were replaced with coding regions for an enhanced 
GFP-puromycin N-acetyl transferase fusion protein and Renilla lucif-
erase, respectively (Erdmann et al., 2022). 

The transfection and inhibition assay were performed following 
previously published methods (Erdmann et al., 2022). Briefly, VTN cells 
were co-transfected using a Neon Transfection System (Invitrogen, 
ThermoFisher, UK) with 250 ng N-gene mRNA and 1 μg replicon 
genomic RNA. Immediately after transfection 10,000 cells were seeded 
into flat bottomed 96-well tissue culture plates or μclear 96-well 
microplates (Greiner Bio-one, UK) containing 10 μM mα-DGN, vehicle 
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control or 1 μM remdesivir in growth media. The plates were incubated 
at 37 ◦C, 5% CO2 for 18 h. 

Luciferase assay: To measure the Renilla luciferase activity, the 
Renilla Luciferase Assay System (Promega, UK) was used according to 
the manufacturer’s instructions. Briefly, the cells from the flat bottomed 
96-well tissue culture plates were carefully washed 1x with PBS and 
lysed with 1x Renilla Luciferase lysis buffer and stored at − 20 ◦C. To 
perform the luciferase assay the lysate was transferred into white 
LUMITRAC plates (Greiner Bio-one, UK) and Renilla luciferase activity 
was measured using a GloMAX® Explorer microplate reader (Promega, 
UK). 

Immunofluorescence assay: The cells in the μclear 96-well micro-
plates (Greiner Bio-one, UK) were fixed with 4% paraformaldehyde, 
blocked in PBS, 1 % BSA and permeabilized for 3 min (PBS, 1 % BSA, 0.1 
% Triton-X 100). The cells were stained against double stranded-RNA 
(1:250), washed and stained with goat anti-mouse Alexa Fluor-647 
(1:2,500) for 30 min at room temperature. Hoechst was used to stain 
the nuclei. Cells were imaged using an automated spinning-disc micro-
scope CQ1 (Confocal Quantitative Image Cytometer, Yokogawa Electric 
Corporation, Japan) with a 10× objective. Images were analysed using 
Cell Pathfinder (Yokogawa Electric Corporation, Japan) software and 
Prism 9.4.0 (GraphPad). The inhibitory effect of ɑ-DGN was determined 
by comparing the percentage of infected cells in the presence or absence 
of the protein. 

2.10. SARS-CoV-2 binding inhibition assay 

HeLa cells stably expressing ACE2 were seeded into μclear 96-well 
microplates (Greiner Bio-one, UK) at a concentration of 6,000 cells per 
well the day before the assay. For the assay the cells were washed once 
with media and then pre-treated with 10 μM mα-DGN for 30 min at 
37 ◦C. Following the incubation, SARS-CoV-2 was added at an MOI of =
50 and allowed to bind on chilled metal plates for 45 min, after which 
the cells were immediately fixed with 4 % formaldehyde. Fixed cells 
were then blocked with PBS, 1 % BSA for 30 min at room temperature. 
Cells were stained with a rabbit anti-S (1:200) antibody for 60 min at 
room temperature, washed and stained with a goat anti-rabbit Alexa 
Fluor-594 (1:2,500) secondary antibody for 30 min at room tempera-
ture. The nucleus was stained with Hoechst and wheat germ agglutinin 
(WGA) Alexa Fluor-647 (1:200) was used to stain the cell membrane. 
The cells were imaged using an automated spinning-disc microscope 
CQ1 (Confocal Quantitative Image Cytometer, Yokogawa Electric Cor-
poration, Japan) with a 40 x/0.95na objective. The images were ana-
lysed by a pipeline created in Cell Path Finder (Yokogawa Electric 
Corporation, Japan). Briefly, SARS-CoV-2-S-AF594 labelled particles 
within the boundary of a segmented cell were counted to quantify the 
number of bound viral particles per cell. More than 700 cells (100–250 
cells per well) were analysed for each condition. 

2.11. Infection inhibition assay using DENV 

2.11.1. Infection inhibition in Huh7 cells 
Huh7 cells were pre-treated with mα-DGN or an unrelated protein 

control for 2 h before each of the four DENVs were inoculated at an MOI 
of 1 and incubated for 2 h at 37 ◦C. The virus inoculum was then 
removed, and the cells were maintained in DMEM containing 9 % FBS 
for a further 5 days. Cells and supernatants were collected at the spec-
ified time point and stored at − 80 ◦C before DENV infection levels were 
measured by real time-PCR. RNA extraction of cell lysates and super-
natant were done using the RNeasy Mini Kit and QIAamp Viral RNA 
Mini Kit, respectively (Qiagen) according to the manufacturer’s in-
structions. Next, cDNA synthesis was performed using the qScript cDNA 
Synthesis Kit (Quantas Biosciences). Viral replication was measured by 
RT-qPCR using the SYBR Green Supermix Kit (Roche) with primers for 
pan-serotype DENV and for the TATA box binding protein as a reference 
(Sun et al., 2017). All reactions were run on a Roche LightCycler 480, 

and data analysis was performed with LightCycler 480 software. 

2.11.2. Infection inhibition in human primary CD14+ monocytes 
Human CD14+ monocytes were harvested by negative selection from 

peripheral blood mononuclear cells (PBMCs) of healthy donors accord-
ing to a protocol approved by the National University of Singapore’s 
Institutional Review Board (reference no. B-15-227) as described pre-
viously (Chan et al., 2011). Monocytes were pre-treated with mα-DGN or 
the protein control for 2 h. Following this incubation monocytes were 
infected with DENV4 at an MOI of 10 and incubated for 2 h at 37 ◦C. The 
virus was then washed off and fresh mα-DGN or unrelated protein con-
trol was added. 48 h later the supernatant was harvested for the deter-
mination of DENV titres by plaque assay, as previously described (Chan 
et al., 2011). 

2.12. Animal experiments 

K18-hACE2 C57/BL/6 mice were obtained from InVivos, Singapore. 
All animal procedures were performed under approved protocols by the 
Institutional Animal Care and Use Committee at Singapore Health Ser-
vices (protocol no: 2020/SHS/1554) and were in accordance with 
guidelines provided by the National Advisory Committee for Laboratory 
Animal Research (NACLAR) in Singapore. 

Treatment with mα-DGN, hα-DGN and buffer control, as well as the 
SARS-CoV-2 challenges were done via the intranasal (IN) route. For the 
IN administrations mice were slightly anaesthetised with Isoflurane. In 
the first instance, mα-DGN was administered at 7.5 μg/mouse or 0.75 
μg/mouse via the IN route, immediately followed by IN administration 
of a lethal (5x104 TCID50 in 25 μl PBS) SARS-CoV-2 (brain derived 
SG12-B; (hCoV-19/Singapore/2/2020)) challenge dose. In the second 
experiment animals received 7.5 μg mα-DGN or hα-DGN/mouse 2 h prior 
to the SARS-CoV-2 (lung derived SG12-L; (hCoV-19/Singapore/2/ 
2020)) IN challenge (2 × 104 PFU in 25 μl PBS) (Gan et al., 2021) and 
then 7.5 μg mα-DGN or hα-DGN/mouse once a day for the 3 consecutive 
days after the challenge. Mice were observed daily for weight loss, 
clinical signs of disease and death. Mice were sacrificed when they 
reached 20 % loss in bodyweight or a clinical score of 10. At the 
endpoint lung and brain tissues were collected and analysed for viral 
loads by plaque assay or qRT-PCR that targeted the ORF1ab gene of 
SARS-CoV-2, as previously described (Gan et al., 2021; Zhu et al., 2020). 

2.13. Statistical analysis 

Statistical analysis was performed using GraphPad Prism software 
9.4.0. The statistical test used for each experiment is stated in the cor-
responding figure legend. Statistical significance is indicated by aster-
isks and defined as p*<0.05, p**<0.01, p***<0.001, p****<0.0001. All 
experiments were carried out with multiple independent biological 
replicates (n ≥ 3). Main Fig. 3: n = number of animals per group. Error 
bars indicating either SD or SEM are mentioned in the respective figure 
legends. 

3. Results 

3.1. α-DGN and its S6-like domain block pseudotyped human 
coronavirus infection 

We used E. coli to produce recombinant α-DGN from M. musculus 
(mα-DGN, residues 50–313) and H. sapiens (hα-DGN, residues 52–315) 
(Fig. 1B) in the pHisTrx expression vector (Sciandra et al., 2001), either 
in its original form or modified as described in Materials and Methods. 
The proteins were stabilized by replacing an Arg residue located in the 
loop region connecting the Ig- and S6-like domains (R166 in mα-DGN 
and R168 in hα-DGN) (Bozic et al., 2004) with a His residue (Fig. 1A, 
right and Fig. S1A). Both, α-DGN proteins, which share 92.7 % sequence 
identity (Fig. 1B), ran as homogeneously pure electrophoretic bands at 
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an apparent molecular weight of 30 kDa (Fig. 1C). The homogeneity of 
the protein preparations was further confirmed by electrospray ioniza-
tion liquid chromatography mass spectrometry (Fig. S1B). The proteins 
were stable as measured by intrinsic tryptophan fluorescence upon 
urea-mediated denaturation (Fig. 1D). 

We tested the antiviral activity of mα-DGN and hα-DGN against 
infection of Caco-2 cells by vesicular stomatitis virus (VSV) pseudotyped 
with the spike (S) proteins of human coronaviruses (CoVs) SARS-CoV-2, 
SARS-CoV, Middle East respiratory syndrome coronavirus (MERS-CoV) 
and human coronavirus 229E (HCoV-229E). Both mα-DGN and hα-DGN 
had potent antiviral activity against all pseudoviruses tested. The IC50 
values for SARS-CoV-2-S, SARS-CoV-S, MERS-CoV-S and HCoV-229E-S 
were 1.99, 4.58, 2.74, and 1.85 μM for mα-DGN, and 2.18, 3.86, 3.69, 
and 2.76 μM for hα-DGN, respectively (Fig. 1E–H and I). The ECM 
protein agrin, recombinantly expressed from E. coli in our lab (Bigotti 
et al., manuscript in preparation), was used as a non-specific protein 
control. These results established that α-DGN has broad antiviral activity 
against VSV pseudotyped with different coronavirus spike proteins. 

Based on our previous experience in producing shortened versions of 
mα-DGN (Bozic et al., 2004), we then dissected it into its two main 
domains, the Ig-like and the S6-like domains, to analyse their possible 
inhibitory potency. We cloned them separately into the pHisTrx(TEV) 
vector and produced each as described for the full-length protein. The 
Ig-like domain could not be purified efficiently due its low stability. 
However, the purified S6-like domain (hereafter mS6) was stable in 
solution (Fig. 1D) as a ~15 KDa protein and was further tested for its 
antiviral activity as described above. mS6 inhibited infection of VSV 
pseudotyped with CoV–S proteins from SARS-CoV-2, SARS-CoV, 
MERS-CoV and HCoV-229E with IC50 values of 1.64, 2.54, 1.15 and 
1.49 μM respectively (Fig. 1E–H). This showed that mS6 blocks 
CoV–S-pseudotyped VSV infection with comparable potency to the 
full-length mα-DGN. 

3.2. α-DGN blocks different SARS-CoV-2 variants infection in susceptible 
cell lines 

In the first instance, we tested mα-DGN against the clinical ancestral 
SARS-CoV-2 isolate Finland/1/2020 in HEK 293T cells stably expressing 
human angiotensin-converting enzyme 2 (hACE2) and human trans-
membrane serine protease 2 (TMPRSS2) (Cantuti-Castelvetri et al., 
2020; Daly et al., 2020). Here, mα-DGN blocked SARS-CoV-2 infection in 
a dose-dependent manner, with a 87.2 % infection reduction compared 
to the buffer control (20 mM TrisHCl, 100 mM NaCl, pH 7.5) at the 
highest concentration tested (10 μM) (Fig. S2A). We further tested the 
inhibitory activity of mα-DGN against infection of VeroE6-TMPRSS2 
(VTN) cells with different SARS-CoV-2 variants. The tested variants 
included the ancestral strain and four variants of concern (VOCs) 
including Gamma, Delta, Omicron BA.1 and Omicron BA.4 that evolved 
during the SARS-CoV-2 pandemic. Pre-treatment of cells with 10 μM 
mα-DGN blocked infection of VeroE6-TMPRSS2 cells with SARS-CoV-2 
ancestral strain, Gamma, Delta, Omicron BA.1 and Omicron BA.4 by 
80.4, 61.7, 86.4, 84.3 and 82.7 % respectively (Fig. 2A–E and F). These 
data further support the broad-band antiviral activity of α-DGN against 
authentic SARS-CoV-2 VOCs. 

3.3. α-DGN acts at the early stages of viral infection 

To test what stage of viral infection is targeted by mα-DGN, we 
analysed its inhibitory activity on the virus as a function of time of 
administration. Pre-incubation of SARS-CoV-2 with mα-DGN before 
addition to the cells resulted in 50 % inhibition, while adding mα-DGN 
and SARS-CoV-2 at the same time to the cells reduced infection by 76.4 
%. In contrast, addition of mα-DGN 2 h after SARS-CoV-2 inoculation 
resulted in little or no reduction of infection (Fig. S2B). We tested 
whether mα-DGN affects intracellular SARS-CoV-2 replication using the 
pSC2-Rep-Wu-Gp-RL replicon that lacks the S and M gene coding 

sequences (preventing viral assembly and egress) (Erdmann et al., 
2022). RNA replication of the replicon can be measured by the encoded 
Renilla luciferase (RLuc). Immediately after electroporation with the 
replicon RNA transcripts, VTN cells were treated with 10 μM mα-DGN, 
buffer control, or remdesivir, a known inhibitor of the viral 
RNA-dependent RNA polymerase synthesis. Upon incubation for 18 h, 
we observed no difference in RLuc activity between the mα-DGN- and 
buffer control-treated cells (Fig. S2C) or the immunofluorescence 
staining of the dsRNA (a marker for viral/replicon RNA replication). 
This confirmed that α-DGN does not block intracellular viral genome 
replication, in contrast to remdesivir (Figs. S2D and E). 

When HeLa cells expressing hACE2 were pre-incubated with mα- 
DGN before virus addition, SARS-CoV-2 binding was blocked by 50 % 
compared to the buffer control (Fig. 2G and H). Incubation of AAT or 
Caco-2-ACE2 cells with 4 μM Alexa Fluor-648 labelled mα-DGN in the 
cold for 30 min revealed that α-DGN binds to the cell surface (Figs. S3A 
and B). α-DGN binding was observed in both AAT and Caco-2-ACE2 
cells, suggesting that α-DGN cell binding is not cell-type specific. 

3.4. α-DGN blocks SARS-CoV-2 in human primary gut organoids 

Organoids are miniaturized three-dimensional organs assembled in 
vitro with stem cells or adult cells from specific tissue types. In COVID-19 
patients, SARS-CoV-2 infects the digestive tract and has been detected in 
the small intestine, in the colon and in the ileum (Lamers et al., 2020). 
Therefore, human primary gut organoids are employed as a model sys-
tem in SARS-CoV-2 studies for their superior capacity to mimic the 
complexity of human tissue and organs in physiological as well as 
pathological conditions, as compared to 2D cell culture models (Lamers 
et al., 2020). To analyse the antiviral activity of mα-DGN in these 
organoids, we first amplified duodenum tissue explants of human donors 
in vitro as three-dimensional multi-crestal organoids. After mechanical 
disruption to expose the cellular apical surface, the gut organoids were 
used for inhibition studies. Pre-treatment of SARS-CoV-2 isolate 
Finland/1/2020 with 10 μM mα-DGN decreased the number of infected 
organoids by 74.9 % (from 20.7 % in the vehicle control to 5.2 % in 
mα-DGN-treated organoids) (Fig. 2I and J). This shows that mα-DGN 
efficiently inhibits SARS-CoV-2 infection in in an organoid model. 

3.5. α-DGN inhibits SARS-CoV-2 in humanised ACE2 mice 

We further examined the therapeutic and prophylactic potential of 
α-DGN in vivo using the SARS-CoV-2 infection model in K18-hACE2 
transgenic mice expressing hACE2 (Gan et al., 2021). First, mice were 
treated with a single dose of 7.5 or 0.75 μg of mα-DGN/mouse via the 
intranasal (IN) route immediately followed by an IN lethal dose (5x104 

TCID50) of SARS-CoV-2 (SG12-B strain (Gan et al., 2021). All animals 
were monitored daily for weight loss and survival (Fig. 3A). We 
observed that after one IN administration of α-DGN, mice were protected 
from a lethal SARS-CoV-2 infection, with a survival rate increase of 20 % 
at 9 days post infection, and slightly delayed weight loss (Fig. 3B and C). 
Moreover, mice treated with 0.75 μg of mα-DGN had significantly 
reduced endpoint viral loads in their lungs compared to animals 
receiving only a buffer control (Fig. 3D). Three out of four mice 
receiving 7.5 μg of mα-DGN showed a similar tendency towards strongly 
reduced viral loads in the lungs compared to the buffer control treated 
animals. However, the presence in this group of one outlier with viral 
loads comparable to the controls negatively impacted on the statistical 
significance of the results. We then determined the prophylactic po-
tential by administering mα-DGN or hα-DGN at 7.5 μg/mouse/dose via 
the IN route 2 h before a lethal SARS-CoV-2 (SG12-L strain, Gan et al., 
2021) challenge, followed by one daily IN administration of the same 
mα-DGN or hα-DGN dose for the next three consecutive days (Fig. 3E). 
Animals treated with mα-DGN or hα-DGN showed increased time of 
survival (Fig. 3F) without detectable weight loss delay (Fig. 3G) as well 
as significantly reduced lung viral loads (Fig. 3H) compared with control 
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mice. Taken together, these studies demonstrate that α-DGN increased 
survival and reduced respiratory infection in humanised ACE2 mice 
upon challenge with a lethal dose of SARS-CoV-2. 

3.6. α-DGN blocks a broad range of enveloped viruses 

The measured inhibitory effect of α-DGN on the infectivity of pseu-
dotyped CoVs and SARS-CoV-2 variants prompted us to investigate its 
broad antiviral potential against other human viruses. Specifically, we 

Fig. 2. α-DGN blocks SARS-CoV-2 in epithelial cells and human primary gut organoids. α-DGN inhibits infection of cells from different SARS-CoV-2 variants. 
VeroE6-TMPRSS2 cells were pre-treated with 10 μM mα-DGN before infection with SARS-CoV-2 (A) Wuhan, (B) Gamma, (C) Delta, (D) Omicron BA.1 or (E) Omicron 
BA.2 (MOI = 0.1). Infection was quantified using viral N protein staining (n = 3 independent experiments). Bars are means + SEM. Scale bar, 200 μm. p-values were 
determined using an unpaired t-test. p*<0.1. (F) Representative immunostaining images of control or mα-DGN treated VeroE6-TMPRSS2 cells infected with the 
indicated variants of SARS-CoV-2 (viral N protein in green and Hoechst for nuclei in blue). (G) mα-DGN inhibits SARS-CoV-2 binding to cells. HeLa-ACE2 cells were 
pre-incubated with 10 μM mα-DGN or vehicle control, after which SARS-CoV-2 was added for 60 min on ice, and cells were fixed. SARS-CoV-2 binding per cell after 
treatment with mα-DGN (blue) or control (green) was quantified for >100 cells per condition. Significance was determined using a Mann-Whitney test (n = 3 in-
dependent experiments), p****<0.0001. (H) Representative immunostaining images of extracellular SARS-CoV-2 particles on HeLa-ACE2 cells after pre-incubation 
with vehicle control or mα-DGN. Cells were stained with Hoechst for nuclei (blue), wheat germ agglutinin (WGA) for cell outline (grey) and for SARS-S protein 
(green). Scale bars, 10 μm. (I) mα-DGN blocks SARS-CoV-2 infection of human primary gut organoids. Organoids were treated with 1 or 10 μM of mα-DGN or buffer 
control and infected with SARS-CoV-2 at MOI =1 for 48 h before fixation. The graph shows the percentage of infected (double stranded RNA-positive) organoids 
(mean + SD, n = 4). Significance was determined using an unpaired t-test (n = 3 independent experiments), p****<0.0001 (J) Representative immunostaining 
images of human gut organoids treated with indicated concentrations of mα-DGN or vehicle (PBS) control and infected with SARS-CoV-2 (dsRNA in magenta and 
nuclei are stained with Hoechst in cyan). Images represent the max Z-projection of 5 optical slices (out of 180 for each image stack) showing the mid-section of the 
organoids. Scale bars, 30 μm. 

Fig. 3. α-DGN inhibits SARS-CoV-2 infection in K18-hACE2 mice. (A) mα-DGN or buffer control was administered to K18-hACE2 mice at 7.5 μg/mouse or 0.75 
μg/mouse at the same time as the lethal dose of the challenging virus (SARS-CoV-2 SG12-B) via the intranasal (IN) route. Mice were observed daily for (B) survival (n 
= 5 per group) and (C) weight loss (n = 5 per group). (D) Lung viral loads as determined at end point (n = 4 per group). Statistical significance was determined using 
a Mann Whitney test, p*<0.05. ns: not significant. (E) Buffer control, mα-DGN or hα-DGN at 7.5 μg/mouse were administered via the IN route 2 h prior to virus 
challenge (SARS-CoV-2 SG12-L) and then daily for 3 days. Mice were then observed daily for (F) survival (n = 5 per group) and (G) weight loss (n = 5 per group). (H) 
Lung viral loads as determined at endpoint (n = 5 per group). Statistical significance was determined using a Mann Whitney test, p** <0.01. 
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further tested mα-DGN for its antiviral activity against other enveloped 
viruses: influenza A virus (IAV) X-31 (H3N2), respiratory syncytia virus 
(RSV), Semliki Forest virus (SFV), tick-borne encephalitis virus (TBEV) 
Kuutsalo-14 isolate, vesicular stomatitis virus (VSV) and Dengue virus 
(DENV), and the non-enveloped human adenovirus serotype 5 (hAdV5). 

Infection assays were performed in a multiplexed format and automated 
confocal fluorescence microscopy followed by image analysis to deter-
mine the fraction of infected cells. Infected cells were identified by im-
munostaining using antibodies specific for the IAV viral nucleoprotein 
(Banerjee et al., 2014), TBEV membrane protein (Pulkkinen et al., 2022) 

Fig. 4. mα-DGN inhibits a broad range of enveloped viruses. (A-F) Inhibitory activity of mα-DGN in infection assays against (A) IAV, (B) RSV, (C) SFV, (D) TBEV, 
(E) VSV and (F) hAdV5. Infection was analysed by immunostaining and results are represented as percentage of infected cells. (G-J) Inhibitory activity of mα-DGN 
against the 4 Dengue Virus serotypes (G) DENV1, (H) DENV2, (I) DENV3 and (J) DENV4 in cell infection assays. DENV RNA was analysed by qRT-PCR. DENV copies 
were normalized to the internal control protein TBP. Values are means + SD. Statistical significance was determined using an unpaired t-test. ns = not significant, p* 
<0.1, p** <0.01, p*** <0.001. 
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or by detecting the green or red fluorescence of fluorescent reporter 
genes inserted in the genome of each virus by reverse genetic engi-
neering, specifically: GFP for SFV (Spuul et al., 2010), RSV (Krzyzaniak 
et al., 2013) and VSV (Johannsdottir et al., 2009), and RFP for hAd5. 
mα-DGN (10 μM) reduced infection of all enveloped viruses i.e., IAV by 
80 %, RSV by 91 %, SFV by 57 %, TBEV by 90 %, VSV by 99 % 
(Fig. 4A–E). mα-DGN reduced the replication of Dengue virus (DENV) 
serotypes 1, 2, 3 and 4 by 57, 58, 50 and 42.5 %, respectively, as 
detected by qRT-PCR (Fig. 4G–J). mα-DGN also blocked DENV4 infec-
tion of human primary monocytes by 91.3 % (Fig. S4). mα-DGN did not 
inhibit the non-enveloped virus hAdV5 (Fig. 4F). Our observations 
suggest that α-DGN is a broad-range inhibitor against enveloped viruses. 

4. Discussion 

The first evidence of the involvement of the extracellular matrix 
complex dystroglycan in viral infection came with the identification of 
α-DG as the cellular receptor for arenaviruses such as Lassa fever virus 
(LFV) and lymphocytic choriomeningitis virus (LCMV) (Cao et al., 
1998). The interaction of α-DG with arenaviruses has been found to be 
specific for the Old World and clade C New World arenaviruses only 
(Spiropoulou et al., 2002), and to be dependent on the glycosylation 
shell of the so-called mucin-like region of α-DG (Kunz et al., 2005). The 
mucin-like region is comprised of the amino acids linking the C-terminal 
and N-terminal globular domains of α-DG (Fig. 1A, left). It is highly 
decorated with long, linear chains of repeating carbohydrate units 
collectively called matriglycan, whose recognition by LASV has been 
recently characterized in detail (Katz et al., 2022) and demonstrated to 
be key in viral entry. In our study, we used a recombinant 
non-glycosylated N-terminal globular domain of α-DG (α-DGN) pro-
duced in E. coli. Therefore, the antiviral mechanism is independent of its 
glycosylation. 

The emergence of the COVID-19 pandemic prompted us to explore 
the potential of α-DGN as a SARS-CoV-2 inhibitor. de Greef and col-
leagues previously showed that transgenic mice lacking the Dag1 gene 
(which encodes α-DG and β-DG) were more susceptible to IAV PR8 
(H1N1) lung infection than control mice (de Greef et al., 2019). Re-
combinant α-DGN inhibited IAV HA-mediated hemagglutination of 
chicken red blood cells (de Greef et al., 2019), probably by blocking IAV 
binding to the red blood cell surface, similar to the inhibition of virus 
entry for SARS-CoV-2 (Fig. 2D). Adenoviral overexpression of α-DGN or 
administration of recombinant α-DGN decreased IAV PR8 titres in the 
lungs of mice (de Greef et al., 2019). 

Our extensive testing proved that our recombinant, stabilized form of 
α-DGN produced in E. coli blocked VSV pseudotyped with CoV S proteins 
including SARS-CoV-2, SARS-CoV, MERS-CoV and HCoV-229E and a 
diverse range of enveloped RNA viruses in vitro and in vivo. All the SARS- 
CoV-2 VOCs tested were blocked by α-DGN, as well as enveloped viruses 
that cause respiratory disease (IAV, RSV), fever (SFV, DENV), viral en-
cephalitis (TBEV) in humans and lesions in livestock (VSV) (Figs. 2 and 
4). Importantly, the blockade of all four DENV serotypes is particularly 
promising in the face of the difficulties in treating severe secondary 
infections caused by antibody-dependent enhancement (ADE) of 
different serotypes (Halstead, 2014). α-DGN also delayed mortality and 
reduced lung viral loads both in a therapeutic and prophylactic 
administration regime of SARS-CoV-2 lethal challenge in K18-hACE2 
mice (Fig. 3). Although the increase in survival rate does not seem sig-
nificant and might depend on several factors within the experimental 
setup, the decrease in viral load following α-DGN administration is 
consistently significant (except for one experimental group, see para-
graph 3.5 of the Results section). It has to be noted that the very low viral 
load titres in the lungs of all the animals tested, as compared to controls, 
are remarkable particularly in the light of the lethal viral dosing 
employed in the study. Interestingly, our results show α-DGN to be 
effective when administered intranasally, which is the preferred route of 
administration of a protein-based therapeutic. Below are the potential 

advantages when considering α-DGN as a candidate antiviral compound. 

(i) Facile production. Recombinant α-DGN is inexpensive to pro-
duce, both the murine and human forms are stable in solution at 
ambient temperature and can be easily scaled up for mass 
production.  

(ii) Discovery of the 15 KDa active domain S6. The smaller size of 
mS6 compared with mα-DGN can be an advantage for trans-
lational research.  

(iii) Weak immunogenicity potential. α-DGN is produced by the 
host cell as a polypeptide. This feature, together with the very 
high degree of amino acid sequence conservation amongst spe-
cies and the absence of post-translational modifications, makes 
α-DGN more unlikely to elicit an immune response when used as 
a therapeutic (Sauna et al., 2018). Our recombinant mα-DGN and 
hα-DGN, produced in E. coli devoid of potentially immunogenic 
post-translational modifications, did not elicit any adverse 
response when administered to human cell lines, human gut 
organoids or mice. Despite these promising premises, a full 
investigation on possible immunogenic properties is granted as a 
fundamental step for future development of α-DGN into a 
pan-antiviral drug.  

(iv) α-DGN has comparable or superior IC50 to other antiviral 
compounds. mα-DGN, hα-DGN and mS6 display potent broad- 
range antiviral activity. The IC50 values were in the low micro-
molar range for all the viruses tested. These values are higher 
than those of viral spike neutralizing monoclonal antibodies 
(nmAbs) that display IC50 values in the low nanomolar range. 
However, mAb-based therapies lead to lack of broad-spectrum 
activity as is evidenced by the altered efficacy of the same mAb 
against emerging variants of SARS-CoV-2 (Widyasari and Kim, 
2023). The antiviral efficacy of α-DGN is comparable to that of 
small antiviral compounds currently in use against SARS-CoV-2 
infection, such as remdesivir, molnupiravir or nirmatrelvir, 
whose IC50 values are also in the low micromolar range (Cho 
et al., 2023). Picolinic acid, a natural compound with a 
broad-band antiviral effect against enveloped viruses exhibits an 
IC50 of 0.5 mM against IAV PR8 in cell culture (Narayan et al., 
2023), which is approximately 200-fold higher than the IC50 
values of α-DGN against CoVs.  

(v) Antiviral efficacy is observed in vivo at low dosage. Our in vivo 
studies using K18-hACE2 mice resulted in reduced SARS-CoV-2 
lung viral loads that are significant in all experimental animal 
groups (with a notable exception) within our lethal challenge 
model. The daily dose of α-DGN in these mice was 0.3 mg/kg 
(single dose therapeutic treatments, and once a day for prophy-
lactic treatments), which is 1,333- and 2,000-fold lower than that 
of molnupiravir (200 mg/kg, twice a day) and nirmatrelvir (300 
mg/kg, twice a day) employed in other studies via the IN route 
(Abdelnabi et al., 2022). 

In summary, we showed that α-DGN blocks SARS-CoV-2 infection at 
the step of cell binding, which may inhibit efficient cell-to-cell spread of 
the virus in lungs. Whether inhibition depends on binding of α-DGN to 
the host cell, to the virus, or both needs further investigation. Under-
standing the molecular mechanism of action of α-DGN antiviral activity 
will help elucidate the physiological relevance of trace α-DGN levels 
detected in human plasma (Hesse et al., 2011; Crowe et al., 2016). 
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