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Abstract

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has caused a

global health crisis with significant clinical morbidity and mortality. While

angiotensin-converting enzyme 2 (ACE2) is the primary receptor for viral

entry, other cell surface and extracellular matrix proteins may also bind to the

viral receptor binding domain (RBD) within the SARS-CoV-2 spike protein.

Recent studies have implicated heparan sulfate proteoglycans, specifically per-

lecan LG3, in facilitating SARS-CoV-2 binding to ACE2. However, the role of

perlecan LG3 in SARS-CoV-2 pathophysiology is not well understood. In this

study, we investigated the binding interactions between the SARS-CoV-2 spike

protein RBD and perlecan LG3 through molecular modeling simulations and

surface plasmon resonance (SPR) experiments. Our results indicate stable bind-

ing between LG3 and SARS-CoV-2 spike protein RBD, which may potentially

enhance RBD-ACE2 interactions. These findings shed light on the role of per-

lecan LG3 in SARS-CoV-2 infection and provide insight into SARS-CoV-2 path-

ophysiology and potential therapeutic strategy for COVID-19.
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1 | INTRODUCTION

Severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) has caused a global health crisis with significant
clinical morbidity and mortality since its emergence
(Zhang et al., 2023). Although angiotensin-converting
enzyme 2 (ACE2) is recognized as the primary functional
receptor for SARS-CoV-2 viral entry, a variety of cell sur-
face and extracellular matrix (ECM) proteins have dem-
onstrated binding affinity for the SARS-CoV-2 receptor
binding domain (RBD) (Brodowski et al., 2022; Iacobucci
et al., 2022; Kadam et al., 2021; Norris et al., 2023). The
degree to which these molecules may modulate infectiv-
ity, however, remains unknown.

Recent studies have suggested that negatively charged
heparan sulfate (HS) proteoglycans may be cofactors for
SARS-CoV-2 binding to ACE2, where HS moieties inter-
act with the RBD on the “spike” or S protein to open its
conformation to allow for enhanced binding to ACE2
(Clausen et al., 2020; Lo et al., 2022). This negatively
charged HS moiety is expressed ubiquitously within the
ECM proteoglycan perlecan, which is abundantly located
in the vascular basement membrane of endothelial cells
as well as in a diverse array of other tissues. Perlecan
plays a role in various biological functions such as lipid
metabolism, angiogenesis, cell adhesion, endocytosis,
and autophagy (Gubbiotti et al., 2017). Perlecan is one of
the largest proteoglycans ever discovered, with a 500 kDa
protein core encoded by a 120 KB gene (HSPG2) divided
into 97 exons. The core protein possesses 5 domains, each
with its own function and binding nature: domain I,
exhibiting the greatest level of HS post-translation
modification of any domain, participates in ligand-
receptor interactions facilitating angiogenesis, domain
II in lipid retention, domain III in cell surface binding,
domain IV in scaffold integrity, and domain V in cell
surface binding and induction of autophagy (Martinez
et al., 2018; Melrose, 2020). Domain V of perlecan con-
sists of three laminin globular domain-like regions
(LG1, LG2, and LG3), which are arranged in tandem
repeats interspersed by two EGF-like domains
(EG) (Melrose, 2020). Domain V can be liberated from
perlecan via matrix metalloproteinases and further
cleaved into LG3 by Cathepsin L and BMP-1-Toilloid-
Like proteases (Gonzalez et al., 2005). Once cleaved,
LG3 binds to integrin receptors to produce an anti-
angiogenic effect through the disruption of focal adhe-
sions and the actin cytoskeleton (Hayes et al., 2022).
Although it is known that HS may play a role in SARS-
CoV-2 host cell attachment, fusion, and intracellular
pathways (Yu et al., 2020), the role that perlecan LG3
may have in SARS-CoV-2 pathophysiology remains
unclear.

In this work, we investigated the binding interactions
between the SARS-CoV-2 spike protein receptor-binding
domain (RBD) and human recombinant perlecan LG3
through molecular modeling simulations. We then used
molecular docking to select the best candidate complexes
and combined our results with molecular dynamics
(MD) simulations to investigate LG3 interactions with
the spike protein RBD with and without the presence of
ACE2. Finally, we followed up these computational
investigations with surface plasmon resonance (SPR)
experiments to further elucidate potential interactions
between SARS-CoV-2 spike protein RBD, ACE2 receptor,
and perlecan LG3. Our results indicate a potential role
for perlecan LG3 in SARS-CoV-2 pathophysiology and
suggest a novel unexplored mechanism which may yield
future insight into therapeutic strategy.

2 | MATERIALS AND METHODS

2.1 | Proteins

Wild-type SARS-CoV-2 RBD (SARS-CoV-2 RBD-Wt) and
Human ACE2 (hACE2) were purchased from Acro Bio-
systems (CAT# SPD-C52H3, CAT# AC2-H5257, purity
>95% as determined by SDS-PAGE). Perlecan LG3 was
manufactured as previously published (Biose et al., 2022).
Briefly, human recombinant LG3 was expressed in E. coli
[BL21(DE3)] utilizing an expression plasmid driven by
the T7 polymerase promoter, and purification was
achieved by standard clarification of lysis, followed by
two column chromatography steps demonstrating
approximately 90%–95% purity as measured by reverse
phase liquid chromatography mass spectrometry. Endo-
toxin was determined to be ≤10 EU/mg. Absense of post-
translational heparan sulfate linkage was confirmed via
proteomic analysis between full-length DV and LG3 frag-
ments manufactured as previously described (Biose
et al., 2023).

2.2 | Molecular docking and molecular
dynamics simulations

The protein structures of the Ca2+ bound LG3, as well as
the SARS-CoV-2 RBD, were retrieved from the RCSB
Protein Data Bank (Berman et al., 2000) (PDB IDs 3SH5
(Le et al., 2011) and 6VSB (Wrapp et al., 2020) respec-
tively). Molecular template-based protein–protein dock-
ing was performed to obtain the LG3-RBD complexes
using the web-based docking interface HDOCK (Yan
et al., 2020). The complexes were solvated in a cubic box
with TIP3 water (Jorgensen et al., 1983) and were
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neutralized with 150 mM of KCl using the CHARMM-
GUI solution builder interface (Jo et al., 2008; Lee
et al., 2016) (Table S1). All-atom, unbiased MD simula-
tions were performed with CHARMM36m force field
(Best et al., 2012; Vanommeslaeghe et al., 2010) using the
GPU-based simulation package NAMD2.14 (Phillips
et al., 2005). The particle mesh Ewald method (Darden
et al., 1993; Essmann et al., 1995) was used to calculate
the long-range ionic interactions with a nonbonded cut-
off 12 Å. Pressure and temperature were controlled with
a piston period of 50 fs and decay of 25 fs, and Langevin
temperature coupling with a friction coefficient of 1 ps�1,
respectively, using the Nose–Hoover Langevin-piston
method (Feller et al., 1995; Martyna et al., 1994). We used
the SHAKE algorithm (Ryckaert et al., 1977) to fix the
hydrogen atoms' covalent bonds. A 10,000-step energy
minimization was performed, followed by equilibration
and production runs at 303.15 K temperature with a 2 fs
time step. The LG3-RBD complexes were simulated for
600 ns each. The simulation for Model 2 was extended to
1 μs for two replica runs (i.e., additional 400 ns runs,
Replica 1 and Replica 2). The LG3-RBD-ACE2 complex
was simulated for 200 ns. The trajectories were visualized
and analyzed with visual molecular dynamics (VMD)
(Humphrey et al., 1996).

The binding interfaces were evaluated with PIsToN
(protein binding interfaces with transformer networks), a
recently developed novel deep learning-based approach
(Stebliankin et al., 2023) for distinguishing native-like
complexes from decoys. In this approach, each protein
interface is transformed into a collection of 2D images
(interface maps), where each image corresponds to a geo-
metric or biochemical property in which pixel intensity
represents the feature values (Figure S1). The model was
trained in contrastive learning settings on thousands of
native and computationally predicted protein complexes
that contain challenging examples. The network achieved
state-of-the-art performance in scoring molecular dock-
ing complexes.

2.3 | Surface plasmon resonance

All experiments were done using a Biacore T200 instru-
ment with a CM5 chip at 25�C. LG3 was immobilized
onto the chip surface as a ligand. hACE2 was also used
as a positive control ligand to immobilize onto the same
chip surface. SARS-CoV-2 RBD-Wt was used as an ana-
lyte to flow over the ligand-immobilized surfaces. All
ligands were immobilized using the standard amine cou-
pling chemistry. LG3 was diluted in 10 mM sodium ace-
tate at pH 5.5 and immobilized to a level of �1750
RU. hACE2 was diluted in 10 mM sodium acetate buffer

at pH 4.5 and immobilized to a level of �12,400
RU. One flow cell (FC1) was used as the reference for
these two different ligands immobilized (active) FCs.
FC1 was activated and deactivated using the same sur-
face chemistry but no proteins were immobilized. PBS-P
(20 mM phosphate buffer pH 7.4, 137 mM NaCl,
2.7 mM KCl, 0.05% v/v surfactant P20) was used as the
running buffer during immobilization of the ligands.
SARS-CoV-2 RBD-Wt was then injected in various con-
centrations in the presence of PBS-P. The flow rate of all
analyte solutions was maintained at 50 μL/min. A solu-
tion containing H3PO4 (1:10,000 v/v ratio, H3PO4:
ddH2O) was injected for 20 s for surface regeneration.
Each analyte concentration was injected in triplicate.
SPR sensorgrams obtained for analysis were both blank
(PBS-P only signals) and reference (sensorgrams corre-
sponding to the reference FC) subtracted. The SPR sen-
sorgrams were analyzed using a 1:1 kinetics fitting
model available in the Biacore T200 evaluation software
version 1.0.

3 | RESULTS

LG3 is one of the three LG fragments in human perlecan
domain V, which shows high biological activity (Lee
et al., 2011). HS chains of perlecan have been shown to
interact with SARS-CoV-2 spike protein and enhance the
host cell entry (De Pasquale et al., 2021; Lo et al., 2022;
Yu et al., 2020). As human LG3 contains no
N-glycosylation sites, we explored possible direct interac-
tions of LG3 protein with the SARS-CoV-2 RBD. To
investigate the LG3-RBD binding, we first obtained the
LG3-RBD complexes and optimized the structures with
MD simulations.

3.1 | Molecular models of LG3-RBD and
LG3-RBD-ACE2 complexes

To obtain the molecular models of the LG3 complexes,
we performed molecular docking using a template-based
docking web interface HDOCK (Yan et al., 2020). We
selected the top two best-predicted models based on the
HDOCK binding scores, Model 1 and Model 2, for further
analysis. In addition to having the lowest energy scores,
both models had the LG3 bound to the interfaces that
were available for binding in the “RBD up” conformation
of the Spike protein and did not clash with glycans. We
performed MD simulations of these models to optimize
the complex structures. Simulations showed that Model
1 is unstable as the RBD dissociates from the complex
within 200 ns as shown in Figure 1a, whereas Model 2 is
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stable throughout the simulation of >600 ns (Figure 1b
and Movie S1. The root-mean-squared deviation as well
as the distance between the center-of-masses of the RBD
and LG3, showing the stable complex for Model 2, is
shown in Figure 1c.

Interestingly, LG3 binding at the ACE2-binding inter-
face results in an unstable LG3-RBD complex. In con-
trast, LG3 binding at a different interface in Model
2 results in a stable LG3-RBD complex. This is also
shown by the PIsToN scores (Table S2), calculated based
on a deep-learning approach. Model 2 shows the lowest
PIsToN score (favorable). In this complex, the
ACE2-binding interface of the RBD is not masked
(Figure 1d), potentially allowing the RBD to attach to the
cell-surface receptor even when LG3 is bound. To explore
this possibility and its consequences, we modeled the
LG3-RBD-ACE2 complex and performed additional sim-
ulations. For this, we took the LG3-RBD complex (Model
2) and aligned the RBD with the RBD of the RBD-ACE2
complex (PDB ID 6VW1 (Shang et al., 2020)). The trans-
formed coordinates of ACE2 were then copied to the
LG3-RBD complex to ultimately get the LG3-RBD-ACE2
complex shown in Figure 2. Next, we analyzed the

interfacial interactions between LG3 and RBD as well as
LG3, RBD, and ACE2.

3.2 | LG3-RBD binding

We analyzed the 600 ns simulation trajectory of the
LG3-RBD complex and calculated the inter-protein
hydrogen bonds (H-bonds) formed at the interface
between LG3 and RBD. The two protein domains make
several hydrogen bonds as shown in Figure 3. The stron-
gest contribution to the stability of the complex was
found via a salt bridge between E117 (LG3) and R466
(RBD). Other major H-bonds include E35-T470 and
E105-S349. The hydrogen-bond forming pairs and their
percentage of occupancies are summarized in Figure 3c.

To further confirm the stability of the LG3-RBD, we
extended the simulation of the complex to 1.0 μs. We also
repeated the simulation from 600 to 1.0 μs. In Figure 4, we
plotted the RMSD for the LG3-RBD complex for the
extended runs for the two replicas. RMSD (up to 600 ns) is
the same as in Figure 1c, but shown on a different scale so
that the fluctuations are clearly visible. As the docking

FIGURE 1 Molecular models of LG3-RBD complexes. Docking predicted LG3-RBD complexes of (a) Model 1 complex in which LG3

(pink) binds at the receptor binding interface of the RBD (white) but dissociates within 200 ns of simulation. (b) Model 2 shows a different

RBD interface for binding LG3, which yields a stable LG3-RBD complex throughout the 600 ns simulation. (c) Evolution of the root-

mean-squared displacement (RMSD) of the complexes and the center-of-mass (CoM) distance between RBD and LG3 in Model 1 and Model

2 during the 600-ns simulations. Also shown is the interaction energy (vdW and coulomb interaction) between LG3 and RBD, calculated

using the VMD plugin NAMD energy. (d) LG3-RBD complex from Model 2 is shown from two different orientations rotated by 180�. LG3
binding does not mask the interface for ACE2 binding.
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predicted complex relaxes with MD, the RMSD is found to
increase up to 100 ns but settles after around 200 ns to a
relatively stable state (�3 Å) for the rest of the simulation.
The RMSDs for both replicas show a similar pattern.

3.3 | LG3-RBD-ACE2 complex

Since our results suggested LG3-binding at a different inter-
face than the ACE2-binding interface, we investigated the

role of LG3 binding on the RBD-ACE2 interactions. We
performed MD simulations of the LG3-RBD-ACE2 com-
plex as described earlier (Figure 2), and calculated the
H-bonds at the interface between RBD and ACE2 with and
without LG3. Figure 5a shows the % occupancy of the
RBD-ACE2 H-bonds when LG3 is not bound to the RBD,
and Figure 5b shows the % occupancy of the RBD-ACE2
H-bonds when LG3 is bound to the RBD. The H-bonds
occupancies appear to be enhanced in the LG3-RBD-ACE2
complex compared to the RBD-ACE2 complex. Specifically,
several new hydrogen-bond pairs are observed in the pres-
ence of LG3, including A475-Q24, S477-Q24, Y453-H34,
and Y505-E37.

We further explored the role of LG3 on the RBD-
ACE2 interactions by performing dynamical network
analysis (DNA) (Melo et al., 2020) which involves calcu-
lating connections (edges) between the amino acids
nodes (Cα). The edges among the nodes are calculated
based on their correlation matrix when nodes are found
to be less than a cutoff value of 4.5 Å for a minimum of
75% of an MD trajectory. Figure 5c, d show the network
analysis for the RBD-ACE2 and the LG3-RBD-ACE2 sys-
tems. The number of connections between the edges of
communities indicates the interaction strength. Figure 5e
shows a total of 17 connections at the RBD/ACE2 inter-
face when not complexed with LG3, whereas it shows a
total of 24 connections at the RBD/ACE2 interface when
the RBD is complexed with LG3 (i.e., for the LG3-RBD-
ACE2 complex) in Figure 5f. Thus, DNA calculations of
this system support our findings from the H-bond analy-
sis that the presence of LG3 enhances the RBD-ACE2
interactions. While the hydrogen bond and DNA show
increased interactions, the actual binding affinity may

FIGURE 3 LG3-RBD hydrogen-

bond pairs and percentage of

occupancies. (a) Inter-protein hydrogen

bonds made at the LG3-RBD interface

calculated from the last 200 ns of the

600 ns trajectory. The amino acid

residues involved in H-bonds and their

%occupancies are shown in (b) and (c).

If multiple significant H-bonds are

formed between the same amino acid

pairs, the total %occupancy can

exceed 100%.

FIGURE 2 LG3-RBD-ACE2 complex obtained by structural

alignment of the RBD in the LG3-RBD and RBD-ACE2 complexes.

Structural alignment was performed using VMD's MultiSeq tool

(Roberts et al., 2006). The resulting complex shows different RBD

binding interfaces for LG3 and ACE2.
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depend on a number of other factors. Interface analysis
with PIsToN shows that LG3-RBD interface when not
complexed with ACE2 is favorable compared to when
complexed with ACE2 (Table S2), though longer simula-
tions (especially for the ACE2-bound complex) may
reveal similar binding scores.

3.4 | Perlecan LG3 binds to SARS-
CoV-2 RBD

Surface plasmon resonance experiments were conducted
to experimentally validate the direct binding of SARS-
CoV-2 RBD-Wt to LG3 and quantify the direct binding of
LG3 with SARS-CoV-2 RBD. As mentioned previously,
we utilized a CM5 chip to immobilize LG3 using stan-
dard amine coupling chemistry. hACE2 was immobilized
on the CM5 chip surface using the same surface chemis-
try as used for LG3. hACE2 served as a positive control
ligand in SPR experiments. Figure 6 below shows direct
bindings of SARS-CoV-2 RBD-Wt to both immobilized
LG3 and hACE2.

As shown in Figure 6a, SARS-CoV-2 RBD-Wt binds to
LG3 in a concentration-dependent manner. A KD value of
�72 nM was obtained when experimental SPR sensor-
grams (blue continuous lines) were fitted (dashed red lines)
to a 1:1 kinetics binding model. As expected, SARS-CoV-2
RBD-Wt is also bound to hACE2 Figure 6b with a KD value
of �19 nM. We also repeated the experiment for SARS-
CoV-2 RBD-Wt binding to immobilized LG3 and obtained
a KD value of �76 nM. The data are shown in the supple-
mentary information (Text S1, Figures S2 and S3).

FIGURE 5 LG3-RBD-ACE2

complex modeling. RBD-ACE2

interfacial hydrogen bonding pairs and

their % occupancies (for H-bond

occupancy >20% only) (a) in the absence

of LG3 (b) and in the presence of LG3

bound to the RBD. Dynamic network

analysis showing the connections

between the Cα atoms of the RBD and

ACE2 (c) in the absence of LG3 and

(d) in the presence of LG3. Important Cα

connections at the RBD-ACE2 interface

in the (e) LG3-RBD and (f) LG3-RBD-

ACE2 systems, respectively.

FIGURE 4 Root mean square deviation (RMSD) of the

LG3-RBD complex. The dotted line at 600 ns represents the

beginning of the extended simulations of replica 1 and replica

2, run for 400 ns each.
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4 | DISCUSSION

Understanding the mechanisms by which SARS-
CoV-2 obtains entry into host cells and the factors
involved in viral infectivity is paramount to under-
standing viral pathogenesis and our ability to generate
effective therapeutic interventions. While it is known
that SARS-CoV-2 enters host cells via binding ACE2
(Hoffmann et al., 2020; Lan et al., 2020; Letko
et al., 2020; Tian et al., 2020; Walls et al., 2020), other
cell surfaces and nearby biomolecules such as ECM
proteins have also shown a binding affinity for the
SARS-CoV-2 spike protein RBD, although the extent
to which these molecules modulate infectivity is still
unclear (De Pasquale et al., 2021; Huang et al., 2022;
Jayaprakash & Surolia, 2021; Lo et al., 2022;
Mehdipour & Hummer, 2021; Nguyen et al., 2021; Yu
et al., 2020). As recent studies have suggested that
negatively charged heparan sulfate proteoglycans may
act as a cofactor for SARS-CoV-2 binding to ACE2
known to have significant effects on vascular function
and vascular barriers (Biering et al., 2022; Hashimoto
et al., 2022; Martínez-Salazar et al., 2022), we sought
to characterize this interaction with the c-terminal
LG3 subdomain of perlecan domain V. To date, no
conclusive studies have been conducted investigating
the potential role that perlecan LG3 may have in
SARS-CoV-2 pathogenesis.

In this work, we investigated the binding interactions
between SARS-CoV-2 spike protein RBD and perlecan
LG3 to determine its potential role in viral cellular
attachment and potential entry into host cells. We used
molecular modeling simulations and SPR to elucidate
potential interactions between SARS-CoV-2 RBD with
ACE2 and LG3, performing molecular docking to select
the best candidate complexes and combined their results
with MD simulations to investigate LG3 interactions with
the spike protein RBD with and without the presence of
ACE2. We found that SARS-CoV-2 RBD binds to LG3

and confirmed these interactions experimentally via SPR.
Several new hydrogen-bond pairs were observed in the
presence of LG3. Interestingly, Y505-E37 is a prominent
hydrogen bond between RBD and ACE2 in the
LG3-RBD-ACE2 complex but it is not observed in
the RBD-ACE2 complex without LG3. These observations
suggest that RBD binding with perlecan LG3 may facili-
tate the spike protein attachment to the host cell not only
by increasing the chances for RBD to find ACE2, but also
by enhancing the RBD-ACE2 interactions.

Other factors may contribute to SARS-CoV-2 RBD
binding to ACE2 in the presence of LG3, which this study
did not address. For example, it is known that RBD-
ACE2 interactions can be affected by mutations on the
spike protein as found in subsequent viral strains of
SARS-CoV-2 (Baral et al., 2021; da Costa et al., 2022;
Hossen et al., 2022; Starr et al., 2020; Tian et al., 2021;
Wu et al., 2022), in the presence of inhibitors (Bertoglio
et al., 2021; Chen et al., 2021; Jiang et al., 2020; Jiang
et al., 2021; Yang et al., 2020; Yin et al., 2022), and
through structural variations in ACE2 (Hussain
et al., 2020). Future work therefore should explore these
factors to determine the extent of perlecan LG3 to alter
viral binding outcomes relevant to SARS-CoV-2
pathophysiology.

Finally, as LG3 exists as either a part of perlecan
found primarily within vascular basement membranes or
as a proteolytically cleaved protein in circulation (Parker
et al., 2012) which exerts considerable effect on blood
vessel growth through both pro- and anti-angiogenic
mechanisms (Biose et al., 2022; Clarke et al., 2012; Lee
et al., 2011; Segev et al., 2004), our results suggest that
LG3 may play a role in SARS-CoV-2 vascular barrier dis-
ruption as observed by others (Biering et al., 2022). This
may explain, in part, the predominant vasculopathy of
COVID-19 pathogenesis (Flaumenhaft et al., 2022),
which we hypothesize that perlecan LG3 may play and
previously unrecognized but significant role. Future
experiments elucidating the role perlecan LG3 has

FIGURE 6 Perlecan LG3 binds to

SARS-CoV-2 RBD. Binding of SARS-

CoV-2 RBD-Wt with both (a) LG3 and

(b) hACE2. SPR sensorgrams showing

concentration-dependent binding of

SARS-CoV-2 RBD-Wt to immobilize

(a) LG3 and (b) hACE2. Blue continuous

lines are experimental data and dotted

red lines are fits to the 1:1 kinetics

binding model.
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in vivo to SARS-CoV-2 pathogenesis would provide new
insights into both the mechanism of SARS-CoV-2 infec-
tion and may provide additional potential targets for the
development of new therapeutics to prevent or treat viral
infectivity and subsequent clinical sequelae. We finally
highlight the importance of understanding the complex
interactions between viruses and host cells and the role
of ECM proteins in viral pathogenesis. Further studies
are needed to experimentally validate the computation-
ally identified putative binding residues as well as to
explore the clinical implications of these findings and
to develop new approaches for preventing and treating
COVID-19.

5 | CONCLUSION

While the ACE2 receptor has been recognized as the pri-
mary entry point for the virus, the involvement of various
cell surface ECM proteins in the binding process has
remained unexplored. This study provides strong data to
suggest that the ECM protein perlecan LG3 may play an
important role in SARS-CoV-2 viral attachment, combin-
ing molecular modeling simulations and SPR experi-
ments to probe the significance of the binding
interactions between SARS-CoV-2 RBD and LG3. Our
results demonstrate the existence of these interactions
and provide crucial insights into the stability and dynam-
ics of the complexes formed. Importantly, this research
hints at the possible impact that perlecan LG3 has on
viral cellular attachment, host cell entry, and vascular
barrier disruption, given that LG3 is found in the vascu-
lar basement membrane and can circulate as a proteolyti-
cally cleaved protein. In a broader context, this study
underscores the complexity of viral interactions with host
cells and highlights the pivotal role played by ECM pro-
teins in viral pathogenesis. These findings contribute to
our growing knowledge of SARS-CoV-2 infection mecha-
nisms and may provide critical insight into SARS-CoV-2
pathophysiology which may eventually enhance the
development of innovative therapeutics to mitigate viral
infectivity and its clinical consequences.
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