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ARTICLE INFO ABSTRACT
Keywords: Since the start of the pandemic, scientists have directed their research towards identifying COVID-19 risk factors
ACE2 and predictive elements. Numerous clinical studies have established a strong connection between hypo-

Human serum albumin

" : ; albuminemia and an unfavorable prognosis for COVID-19. Here, we aim to explore the impact of human serum
Renin-angiotensin pathway

albumin (HSA) on SARS-CoV-2 infection. Our findings indicate that HSA plays a role in reducing the replication

SARS-CoV-2
s1 dom(;in rate of SARS-CoV-2 in Vero E6 cells. This protective effect is due to HSA ability to bind to the S1 domain of the
Spike spike protein, effectively competing with ACE2. Moreover, we show that the protective role of HSA is dependent

also on its ability to activate the protective axis within the RAS system pathway, which is responsible for
inducing vasodilation and promoting anti-inflammatory, anti-fibrotic, and anti-apoptotic responses. In summary,
the data presented in this study support the idea that reduced levels of circulating HSA in hypoalbuminemic
patients may heighten their susceptibility to SARS-CoV-2 infection, as the spike protein is unhindered in its
ability to bind to ACE2 and penetrate human cells. Besides, hypoalbuminemia exacerbates the imbalance of the
RAS pathway towards the classical “detrimental” axis. This could potentially contribute to the increased severity
and elevated mortality rate observed in individuals with low levels of circulating albumin.

glycoprotein that forms homotrimers on the viral envelope, consisting of
two functional subunits: S1 and S2. The S1 subunit comprises a N-ter-
minal domain (NTD) and a receptor binding domain (RBD), which is the
main interaction site with the human receptor angiotensin-converting
enzyme 2 (ACE2), allowing viral entry into host cells (Hoffmann et al.,
2020; Lan et al., 2020; Yan et al., 2020; V Raghuvamsi et al., 2021;
Kirtipal et al., 2022). The S2 subunit comprises the fusion peptide,
heptad repeats 1 and 2, the central helix, the connector domain, the
transmembrane domain, and the cytoplasmic tail domain (V Raghu-

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
the causative agent of coronavirus disease 2019 (COVID-19), an atypical
viral pneumonia first reported in December 2019 in Wuhan (China)
(Zhu et al., 2020). SARS-CoV-2 possesses a single-stranded pos-
itive-sense RNA genome of 29.9 kb, encoding 16 non-structural, 4
structural, and 6 accessory proteins (Gioia et al., 2020; Lu et al., 2020).
The structural proteins of SARS-CoV-2, namely nucleocapsid (N), vamsi et al., 2021; Walls et al., 2020; Wrapp et al., 2020).

membrane (M), envelope (E), and spike (S), have been documented Receptor recognition marks the initial step of viral infection and is a
(Gioia et al., 2020; Lu et al., 2020; da Silva Torres et al., 2022). crucial determinant of host cell and tissue tropism. ACE2 serves as the

membrane receptor for SARS-CoV-2, facilitating binding and entry into
host cells through endocytosis or membrane fusion (Hoffmann et al.,
2020; Ou et al., 2020; Wan et al., 2020). Upon SARS-CoV-2 infection,

The spike protein plays a pivotal role in SARS-CoV-2 entry into
human cells and represents the primary target for both vaccines and
antiviral drugs (Almehdi et al., 2021). Spike is a transmembrane
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Abbreviations

ACE angiotensin-converting enzyme
ACE2 angiotensin converting enzyme 2
AIRs ambiguous interaction restraints
Ang I angiotensin I

Ang Il  angiotensin II

AT1 angiotensin II type 1 receptor
AT2 angiotensin II type 2 receptor
CPE cytopathic effects

E envelope

FBS fetal bovine serum

hpi hours post-infection

HSA human serum albumin
M membrane

MOI multiplicity of infection
N nucleocapsid

NTD N-terminal domain

RAS renin-angiotensin system
RBD receptor binding domain

RBM receptor-binding motif
RT-qPCR reverse transcription-quantitative polymerase chain

reaction
S spike
S1 subunit 1 of spike
S2 subunit 2 of spike

ACE2 is internalized into the cytoplasm (Banu et al., 2020) and is widely
expressed in various organs, particularly in the heart and kidneys (Kir-
tipal et al., 2022; Ni et al., 2020; Salamanna et al., 2020). Although
ACE2 expression in the lungs is not particularly high, the lungs are the
major organs infected by SARS-CoV-2 (Huang et al., 2020).

Since the beginning of the pandemic, scientists have focused their
efforts on identifying COVID-19 risks and prognostic factors (Sambataro
et al., 2020). Several clinical studies have correlated a significant
decrease in human serum albumin (HSA) levels in plasma with poor
COVID-19 prognosis, suggesting that hypoalbuminemia (HSA levels <
3.5 g/dL) predisposes patients to a faster progression of SARS-CoV-2
infection and systemic complications (Huang et al., 2020; Kheir et al.,
2021; Soetedjo et al., 2021; Sanson et al., 2023; Zekri-Nechar et al.,
2022; Zerbato et al., 2022). Indeed, COVID-19 patients with hypo-
albuminemia are 2.1 times more likely to have severe disease and 1.5
times more likely to be hospitalized than patients with normal albumin
levels. This suggests that hypoalbuminemic patients are sicker, have a
worse prognosis, and require longer treatment (Chen et al., 2021;
Georgieva et al., 2023).Accordingly, hypoalbuminemic patients have a
significanlty higher mortality rate than those with normal HSA levels
(23.85% vs. 0.9%, respectively) (Chen et al., 2021). It has been reported
that 89% of patients with HSA levels of 4 g/dL and 68% of patients with
HSA levels between 3.5 and 3.99 g/dL at the time of admission have
been discharged alive within 30 days of hospitalization. In contrast,
patients with HSA levels of 2.5 g/dL had a 60 percent higher mortality
rate within 30 days after admission (Zekri-Nechar et al., 2022). How-
ever, the underlying mechanism by which low HSA correlates with poor
outcomes in COVID-19 is not fully understood. From a pathogenetic
perspective, endothelial dysfunction plays a significant role in
COVID-19 (Bakker et al., 2021). This process leads to the loss of integrity
of the epithelial-endothelial barrier, allowing the passage of fluids and
proteins, including HSA, from the intravascular to the extravascular
compartments, contributing to hypoalbuminemia. Therefore, hypo-
albuminemia may serve as an indicator of the severity of
epithelial-endothelial damage in patients with COVID-19 (Wu et al.,
2021).

In this study, we investigated the role of HSA in SARS-CoV-2 infec-
tion. Specifically, we analyzed the interaction between HSA and spike
using a combined in silico, in vitro, and ex vivo approach. The results
demonstrate that HSA negatively modulates the replication rate of
SARS-CoV-2 in Vero E6 cells. This protective mechanism can be attrib-
uted to HSA ability to recognize the RBD of the spike protein, competing
with ACE2 binding. Additionally, we have shown that HSA modulates
the RAS system, counteracting the RAS imbalance promoted by SARS-
CoV-2. Overall, the data reported here elucidate, at the molecular
level, the correlation between hypoalbuminemia and the progression of
COVID-19.

2. Materials and methods
2.1. Reagents

The recombinant S1 domain of spike (6 x His-tag-S1) (Merck KGaA,
Darmstadt, Germany) was dissolved in Phosphate Buffer Saline (PBS;
1.37 x 10~ M NaCl, 1.0 x 1072 M phosphate, 2.7 x 10~ M KCI; Merck
KGaA) at pH 7.4 to obtain a stock solution of 6.5 x 10~* M. The re-
combinant human ACE2 protein (Merck KGaA) was dissolved in water to
obtain a stock solution of 3.0 x 1078 M. Fatty acid- and globulin-free
HSA (Merck KGaA) was dissolved in deionized water at a final concen-
tration of 1.0 x 10~* M. All commercial proteins were of reagent grade
and used without further purification. HSA concentration was deter-
mined spectrophotometrically using the value of e2gopm: 39310 M1
em ™! (Vita et al., 2020). The S1 domain of Spike, ACE2, and HSA were
handled following the manufacturer’s instruction and using established
good laboratory practices under biosafety cabinets with installed HEPA
filters to avoid lipid contamination. For in vitro experiments using cell
lines, albumin was administered using Albital (200 g/L; Grifols, Barce-
lona, Spain) The following primary antibodies were used for Western
blot and ELISA experiments: anti-ACE2 (rabbit polyclonal; Thermo
Fisher Scientific, MA, USA); anti-HSA (rabbit polyclonal; Merck KGaA);
anti-HSA  (mouse monoclonal; Santa Cruz Biotechnology);
anti-SARS-CoV-2-Spike (rabbit polyclonal; Merck KGaA); anti-p-Actin
(mouse monoclonal; Santa Cruz Biotechnology); anti-6 x His-tag
(mouse monoclonal; Santa Cruz Biotechnology). The goat anti-mouse
IgG and goat anti-rabbit IgG secondary antibodies were purchased
from Bio-Rad (Hercules, CA, USA).

2.2. Virus isolation and growth in vero E6 cells and HSA treatment

African green monkey kidney cells (Vero E6) were cultured in Dul-
becco Modified Eagle Medium (DMEM) (Corning, New York, NY, USA)
complemented with 10% foetal bovine serum (FBS), 100 IU/mL
penicillin-streptomycin solution, and 2.0 x 10~> M r-glutamine. Vero E6
cells were cultured and treated in Biosafety Level 3 (BLS-3) laboratories.
The SARS-CoV-2 delta variant AY61 sub-lineage (Gisaid accession n.
EPI_ISL_3770696) was isolated from a clinical sample using Vero E6 cells
(Ogando et al., 2020), with a concentration of 5.6 x 10° copies/pL
determined by reverse transcription-quantitative polymerase chain re-
action (RT-qPCR) (Cardillo et al., 2021). The isolated virus was titered
using the End-point Dilution Assay (TCID50/mL) according to Spear-
man-Karber method. To test the propagation of SARS-CoV-2 delta
variant AY61 sub-lineage, Vero E6 cells were seeded at a density of 1.0
x 10 cells/mL in 25 cm? flasks; after 24 h, the surnatant was discarded,
and the cells monolayer was infected with 1 mL of 0.1 multiplicity of
infection (MOI) virus solution. After 1 h incubation, cells were grown in
DMEM complemented with 2% FBS for 12 h and then harvested. To
evaluate the protective role of HSA towards SARS-CoV-2 delta variant



R. Varricchio et al.

AY61 sub-lineage infection, two experiments were designed. In the first
experiment, Vero E6 cells were pre-treated for 12 h with 1.5 x 1074 M
HSA (Albital; Grifols); after incubation, the supernatant was removed,
and the monolayer was infected for 12 h with 0.1 MOI virus solution. In
the second experiment, 1.5 x 10~* M HSA was incubated with 0.1 MOI
virus solution for 1 h at 37 °C in FBS-free DMEM and then added to Vero
E6 cells. As control, Vero E6 cells were also treated with the only HSA
(1.5 x 10~* M). To detect virus-induced cytopathic effects (CPE), con-
trol and infected cells were analyzed every 24 h and up to 72 h
post-infection (hpi) using an inverted microscope (5 x magnification,
Axiovert 25 inverted miscoscope; Carl Zeiss, Oberkochen, Germany)
together with AxioVision 4.8 software. After microscope analysis, both
supernatants and cells were collected and resuspended in TRIzol
(Ambion, Life Technologies, Carlsbad, CA, USA). The RNA extraction
and purification was performed using the MVP_2Wash_200_Flex pro-
gram of the KingFisher Flex purification system (Thermo Fisher Scien-
tific), following manufacturer’s instructions. Virus quantification was
performed by copy number quantification by RT-qPCR, using the Taq-
Path COVID-19 CE-IVD RT-PCR kit (Thermo Fisher Scientific) approved
by the World Health Organisation (WHO). Amplification and thermal
profiles were performed according to the protocol described previously
(Cardillo et al., 2021) The assay was conducted in triplicate and
reproduced in two independent experiments.

2.3. Magnetic beads pull-down

Fifteen microliters of nickel magnetic beads (MagneHis Protein Pu-
rification System, Promega, Madison, WI, USA) were coated with 2 pg of
6 x His-tag-S1 and incubated for 15 min at room temperature (RT) in
slow rotation. After washing with 1.0 x 10~* M HEPES buffer pH 7.5
(Promega), different concentrations of HSA (1.0 x 107 M, and 1.0 x
107> M) were added to the beads and incubated 1.5 h at 37 °C in slow
rotation. The unbound fraction was removed and beads were washed 3
times with 1.0 x 10~! M HEPES buffer pH 7.5. Finally, the elution buffer
containing imidazole (Promega) was used to detach proteins from the
beads. The presence of HSA and spike in the elution fractions was
revealed by Western blot.

2.4. Western blot

Cells were lysed in NP-40 buffer (2.0 x 10~2 M Tris-HCl pH 8.0, 1.37
x 107! M NaCl, 10% glycerol (v/v), 1% NP-40 (v/v), 1.0 x 1072 M
EDTA, 1.0 x 1073 M DTT, 2.0 x 10~ M PMSF, and protease inhibitors).
Protein lysates were quantified using the Bradford assay (Bio-Rad,
Hercules, CA, USA). Twenty micrograms of whole protein lysate were
loaded on SDS-PAGE and transferred on polyvinylidene fluoride (PVDF)
membrane (Bio-Rad). After blocking for 1 h at RT with 3% non-fat dry
milk (Bio-Rad) dissolved in 0.1% Tween-20/TBS (w/v/v) (TTBS),
membranes were incubated overnight (ON) at 4 °C with primary anti-
bodies. After three washes in 0.1% TTBS, membranes were incubated for
1 h at RT with the secondary antibody. Proteins were visualized using
the Clarity™ Western ECL substrate (Bio-Rad). Images were acquired
with the ChemiDoc™ Imaging system (Bio-Rad) and protein levels were
quantified using the Image Lab software (version 2.1.0.35.deb, Bio-
Rad). Experiments were repeated at least three times.

2.5. ELISA

ELISA experiments were performed as previously reported (Vita
et al., 2020). The amount of 6 x His-tag-S1 required to efficiently coat
the wells of the ELISA plate (NUNC MaxiSorp™ flat-bottom; Thermo
Fisher Scientific) was determined using concentrations ranging from 1.0
x 1078 M t0 5.2 x 1078 M. Once determined the proper concentration,
wells were coated ON at 4 °C with 2.6 x 10~8 M 6 x His-tag-S1, washed
in PBS, and blocked in 3% non-fat dry milk dissolved in PBS/0.05%
Tween-20 (v/v) (PBS/T) for 1 h at RT. Increasing concentrations of
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either HSA (ranging from 5.0 x 1078 M to 5.0 x 10~> M) or ACE2
(ranging from 1.25 x 10™° M to 1.60 x 10~7 M) were added to the 6 x
His-tag-S1 pre-coated wells and incubated 90 min at 37 °C. HSA or ACE2
bound to the 6 x His-tag-S1 were detected using either the anti-HSA or
the anti-ACE2 rabbit polyclonal antibodies. Subsequently, 100 pL of
tetramethylbenzidine (TMB; Merck KGaA) was added to each well, and
absorbance was measured at 370 nm until reaction saturation using the
Tecan Spark 10 M (Tecan, Mannedorf, Switzerland). Finally, the reac-
tion was blocked using HCI 0.1 N.

2.6. Displacement-based ELISA

The wells coated with 2.6 x 1078 M of 6 x His-tag-S1 were first
incubated with 2.6 x 10~ M ACE2 (corresponding to the determined
ACEZKO value) for 90 min at 37 °C, and then incubated with three
different concentrations of HSA (2.5 x 10°®M, 2.5 x 107> M, and 5.0 x
107° M). Conversely, 6 x His-tag-S1 coated wells were first incubated
with 2.2 x 107® M HSA (corresponding to the determined HSAKO value)
for 90 min at 37 °C, and then incubated with three different concen-
trations of ACE2 (2.6 x 1078 M, 5.3 x 1078 M, and 1.1 x 1077 M). HSA
or ACE2 bound to 6 x His-tag-S1 were detected as described above.

2.7. Determination of the dissociation equilibrium constants for HSA:S1
and ACE2:S1 complex formation

Values of the dissociation equilibrium constants for HSA binding to 6
x His-tag-S1 in the absence and presence of ACE2 (HSAKO and HSAKA(;Ez,
respectively) were determined at pH 7.4 and 37 °C. The HSA concen-
tration ranged between 5.0 x 10~8 M and 5.0 x 10~> M, the S1 con-
centration was 2.6 x 1078 M, and the ACE2 concentration was 2.6 x
1078 M.

Values of the dissociation equilibrium constants for ACE2 binding to
S1 in the absence and presence of HSA (ACEZKO and ACEzKHSA, respec-
tively) were determined at pH 7.4 and 37 °C. The ACE2 concentration
ranged between 1.25 x 10™° M and 1.60 x 10~7 M, the S1 concentration
was 2.6 x 1078 M, and the HSA concentration was 2.2 x 10~° M.

Values of HSAK() and ACEZK() were obtained according to eqn. (1):

a=I[A]/ (Ko+[A]) )

where o is the molar fraction of HSA:S1 or ACE2:S1, [A] is the HSA or
ACE2 concentration and K is HSAKO or ACEZKO, respectively.

Values of HSAKACEZ and ACEZKHSA were obtained according to eqns (2)
and (3):

a=[A]/ (Kup+[A]) )
a=1- ([A]/ (Kapp + [A]))Kapp + [A])) (A] / 3

where « is the molar fraction of HSA:S1 or ACE2:S1 in the presence of
ACE2 and HSA, respectively, and Kapp is HSAKACE2 or ACEZKHSA,
respectively.

Values of M4Kacps and A2Kyga were calculated from values of
HSAKO and ACEzKo at fixed ACE2 and HSA concentration according to
eqns (4) and (5):

HSAI(ACE2 — ((HSAKO / ACEZKO) X [ACE2]) + HSAI{0 (4)

ACEZKHSA — ((ACEZKO / HSAKO) x [HSAD + ACE2 Ko (5)

2.8. Protein-protein docking

Docking simulations of HSA (PDB ID: 1A06) (Sugio et al., 1999)
binding to the S1 domain of Spike protein (PDB ID: 7N9T) (Sun et al.,
2021) were performed using HADDOCK2.4 web portal (Honorato et al.,
2021; van Zundert et al., 2016). HADDOCK2.4 needs the generation of
an Ambiguous Interaction Restraints (AIRs) file for a manual run to
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define the active and passive residues present at the interface of each
molecule. These residues were defined by the CPORT (Consensus Pre-
diction Of Residues in Transient complexes) bioinformatic predictor
(https://alcazar.science.uu.nl/services/CPORT/) (de Vries and Bonvin,
2011). Finally, the docked HSA:S1 domain complex (HSA:S1) were
submitted to PRODIGY webserver (PROtein binDIng enerGY predict)
(https://wenmr.science.uu.nl/prodigy/) (Vangone and Bonvin, 2017;
Xue et al., 2016) to determine the binding energies and the intermo-
lecular contacts.

2.9. Cell lines, culture conditions, and treatments

A549 human lung carcinoma epithelial cells and HepG2 human
hepatoma cells were cultured in DMEM (Corning) complemented with
10% FBS (Corning), 100 IU/mL penicillin-streptomycin solution, and
2.0 x 107> M L-glutamine (Merck KGaA). SH-SY5Y neuroblastoma cells
were maintained in complemented DMEM medium supplemented with
1% (v/v) nonessential amino acids (Biochrome GmbH, Berlin, Ger-
many), 1% (v/v) Hepes (Merck KGaA), 1% (v/v) sodium pyruvate
(Corning). Cells were grown at 37 °C and 5% COs. To evaluate HSA role
in modulating the RAS system, A549 and SH-SY5Y cells were seeded at a
density of 1.2 x 10%. After 24 h, cells were placed in FBS-free DMEM
medium and treated with 1.5 x 10~ M HSA (Albital; Grifols) (Vita et al.,
2020). After 6 h and 24 h, cells were either pelleted for Western blot
analysis or collected in TRIzoL Reagent (Thermo Fisher Scientific) for
subsequent RNA extraction and PCR analyses.

2.10. Reverse transcription-quantitative polymerase chain reaction (RT-
gqPCR)

Total RNA was extracted from cells resuspended in TRIzoL Reagent
following the manufacturer’s instruction (Thermo Fisher Scientific).
One microgram of RNA was reverse transcribed using the GoScript™
Reverse Transcription System (Promega). The levels of ACE2, ACE, AT1,
AT2, and MAS transcripts were evaluated by RT-qPCR using the oligo-
nucleotides pairs reported in Table 1. B-actin was used as houkeeping
gene (Bosso et al., 2019). The amplifications were performed using the
GoTaq® qPCR SYBR Master Mix (Promega) and the Rotor Gene RG-6000
Real-Time Thermocycler (Corbett Research, Qiagen GmbH), using the
following thermal cycling conditions: 95 °C for 2 min followed by 40
cycles at 95 °C for 10 s and 60 °C for 40 s. The data were reported using
the 2722€ method.

2.11. Peripheral blood mononuclear cell isolation from patients

Peripheral blood was collected from 9 COVID-19 patients with nor-
moalbuminemia (HSA levels >3.5 g/dL on admission) and 7 COVID-19
patients with hypoalbuminemia (HSA levels <3.5 g/dL on admission).
Peripheral blood mononuclear cells (PBMCs) were isolated following the
standard Ficoll-Paque density gradient centrifugation (Boyum, 1968)
and cryopreserved until Western blot analysis. Albumin levels were

Table 1
Forward (FW) and reverse (RV) primers used for RT-qPCR analyses.
Gene Primer sequences
ACE FW: 5- TCCTGTTGGATATGGAAACCACCTA -3'
RV: 5’ - GTGGCCATCACATTCGTCAGA - 3'
ACE2 FW: 5“TGGGATGGAGTACCGACTGGA-3*
RV: 5“GCATATGCAACAGATGATCGGAAC-3’
AT1 FW: 5-GGGCGCGGGTTTGATATTTG -3'
RV: 5’ -TCAAATACACCTGGTGCCGA - 3'
AT2 FW: 5'- ATTGAAGGAGTGTGTTTAGGCA - 3'
RV: 5-TAGTGGCAAGGGTGGAGTTG -3'
MAS FW: 5-CCCAACTGAGGTTTCCATTGC-3'

RV: 5-CAGGTAATTTTCTGGCAGTGACA- 3'
FW. 5-AGAGGGAAATCGTGCGTGAC-3'
RV: 5-CAATGGTGATGACCTGGCCG-3'

p-actin
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analyzed by standard laboratory techniques (Sanson et al., 2023). Two
milliliters of defibrinated blood were diluted with an equal volume of
sterile 0.9 % NaCl (v/v) solution and layered carefully over 2 mL of
Ficoll-Paque PLUS (Merck KGaA) without intermixing. After a centri-
fugation of 30 min at 400 rpm at RT, lymphocytes, monocytes, and
platelets were harvested from the interface between the Ficoll-Paque
PLUS and the sample layers. This material was then centrifuged twice
for 10 min at 1600 rpm in sterile 0.9% NaCl solution to wash lympho-
cytes and to remove platelets. The pelleted PBMCs were finally resus-
pended in 1 mL of cell freezing medium without albumin. All procedures
performed in this study involving human participants were in accor-
dance with the ethical standards of the national research committee and
with the 1964 Helsinki Declaration and its later amendments or com-
parable ethical standard. This study was approved by the Regional
Ethics Committee of Trieste University Hospital (No. 2020-0S-072).

2.12. Statistical analysis

Data were analyzed using GraphPad Prism 6 (GraphPad Software
Inc., San Diego, CA, USA). All the experiments have been repeated at
least three times. Data were expressed as mean values + standard de-
viations (SD). Statistical analysis was performed using the Student’s t-
test or the One-way ANOVA test (*p < 0.05; **p < 0.01; ***p < 0.001;
**+Fp < 0.0001).

3. Results
3.1. HSA decreases the viral replication rate of SARS-CoV-2

To evaluate the role of HSA in SARS-CoV-2 infectivity, Vero E6 cells
were infected with 0.1 MOI of SARS-CoV-2 delta variant AY61 sub-
lineage in the absence or presence of 1.5 x 10™* HSA. The concentra-
tion of HSA used was chosen of the basis of previous data (Vita et al.,
2020; di Masi et al., 2018) and based on preliminary experiments (data
not reported). According to Araujo and coworkers (Araujo et al., 2020),
the quantification of RNA copy number (RNAcn) by RT-qPCR indicated
that the virus was released into the supernatant in a time-dependent
manner, with RNAcn values slightly higher at 72 hpi, both in Vero E6
cell lysates and supernatants (Fig. 1A). The results obtained indicated
that HSA significantly affected SARS-CoV-2 replication, as it markedly
reduced the RNAcn values in both the tested experimental conditions.
Specifically, when Vero E6 cells were pre-incubated with 1.5 x 10™* M
HSA for 12 h and then infected with 0.1 MOI virus solution for addi-
tional 12 h, we observed a 17.6-fold reduction (p < 0.01) in RNAcn
values in cell lysates and a 38.5-fold reduction (p < 0.01) in the su-
pernatants at 48 hpi, compared to infected Vero E6 cells (Fig. 1A). An
even more pronounced protective effect was reported at 48 hpi when 0.1
MOI virus was pre-incubated with 1.5 x 10~* M HSA for 1 h, and the
mixture was then added to Vero E6 cells. In this case, we observed a
333-fold reduction (p < 0.001) in RNAcn values in cell lysates and a
100-fold reduction (p < 0.001) in the supernatants at 48 hpi, compared
to infected Vero E6 cells (Fig. 1A). It is possible to hypothesize that
infectivity increases after 72 h as HSA undergoes turnover, causing its
levels in the medium to decrease over time.

3.2. HSA binds to the spike protein of SARS-CoV-2

A recent report suggests that the S1 subunit of the spike protein binds
to native HSA (Zekri-Nechar et al., 2022). This binding capability de-
creases when HSA is glycated (Zekri-Nechar et al., 2022; Iles et al.,
2022). Notably, in addition to hypoalbuminemia, hyperglycemia has
also been reported as a risk factor for all-cause mortality in non-critically
ill hospitalized COVID-19 patients (Carrasco-Sanchez et al., 2021). To
elucidate the molecular basis of the protective effect of HSA against
SARS-CoV-2 infection reported in Vero E6 cells (Fig. 1A), we initially
sought to confirm the HSA:S1 interaction through pull-down
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Fig. 1. HSA protect cells from SARS-CoV-2 infection and binds spike. (A) To test the propagation of SARS-CoV-2 delta variant AY61 sub-lineage, Vero E6 cells
were infected with 0.1 MOI virus solution. After 1 h incubation, cells were grown in DMEM complemented with 2% FBS for further 12 h and then harvested. To
evaluate the protective role of HSA towards SARS-CoV-2 delta variant AY61 sub-lineage infection, two experiments were designed. In the first experiment, Vero E6
cells were pre-treated for 12 h with 1.5 x 10~ M HSA and then infected for 12 h with 0.1 MOI virus solution. In the second experiment, 1.5 x 10~ M HSA was
incubated with 0.1 MOI virus solution for 1 h at 37 °C in FBS-free DMEM and then added to Vero E6 cells. The quantification of RNA copy number (RNAcn) was
performed by RT-qPCR in both cell lysates and supernatants. Data reported in the graphs indicate the means + SD of three independent experiments (Student’s t-test,
**p < 0.01, ***p < 0.001, with respect to Vero E6 infected cells in the absence of HSA). (B) S1 binding to HSA as evaluated by pull-down assay. Two different
concentrations of HSA (1.0 x 10°° and 1.0 x 10~° M) were incubated with the 6 x His-tag-S1 coated (+) and uncoated (—) beads. Eluates were analyzed by
immunoblot using the anti-HSA antibody. (C) S1 binding to HSA evaluated by ELISA. The relative dissociation constant was calculated (i.e., HSAKO =(2.2+0.3) x

107° M).

experiments. Using 6 x His-tagged S1 protein bound to Ni**-magnetic
beads, we identified the HSA:S1 complex in the elution fractions using
both anti-S1 and anti-HSA antibodies (Fig. 1B; Fig. S1). Notably, the
formation of the HSA:S1 complex increased proportionally with the HSA
concentration. Traces of HSA were detected at the highest concentration
tested (i.e., 1.0 x 107° M) in the beads without 6 x His-tagged S1,
suggesting unspecific binding possibly due to the presence of short se-
quences of His residues in HSA.

S1 binding to HSA was determined also by ELISA, with the HSA
concentration ranging from 5.0 x 1078 M to 5.0 x 10™> M in wells
coated with 6 x His-tagged S1. The HSA-dependent increase in the
absorbance at 370 nm allowed us to determine the apparent "5AK, value,
which was calculated as (2.2 + 0.3) x 10°°Mm (Fig. 1C). The analysis of
data according to eqn (1) indicated that the stoichiometry for HSA:S1

recognition was 1:1.

3.3. HSA competes with ACE2 in S1 recognition

To assess whether HSA and ACE2 compete for S1 binding,
displacement-based ELISA assays were conducted (Fig. 2A and B).
Initially, we added increasing concentrations of ACE2 (ranging from
1.25 x 107° M to 1.60 x 10~/ M) to wells coated with the 6 x His-tag-S1
protein to determine the ACE2K0 value, which was calculated as (2.6 +
0.15) x 10~% M (Fig. S2). This value aligns with previously reported
values ranging between 1.6 x 108Mand1.2 x 107’ M (Bayarri-Olmos
et al., 2021; Huang et al., 2022; Yang et al., 2020). Subsequently, the 6
x His-tag-S1-coated wells were incubated with 2.6 x 10~ M ACE2 and
the ACE2:S1complex dissociation was evaluated by adding 2.5 x 107°
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Fig. 2. HSA competes with ACE2 in S1 recognition. (A) To study the possible competition between HSA and ACE2 for the interaction with the S1 domain of spike,
displacement-based ELISA was performed. Wells were coated with 2.6 x 1078 M of 6 x His-tag-S1 and incubated with 2.6 x 10~ ACE2 (corresponding to the
determined Ky value) for 90 min at 37 °C. Wells were then incubated with three different concentrations of HSA (2.5 x 10°° M, 2.5 x 10°° M, and 5.0 x 105 M). The
amount of HSA or ACE2 bound to 6 x His-tag-S1 were detected using either an anti-HSA (left) or an anti-ACE2 (right) primary antibody. (B) To confirm the
competition, the displacement-based ELISA was further performed by coating wells with 2.6 x 10~8 M of 6 x His-tag-S1, followed by the incubation with 2.2 x 107
M HSA (corresponding to the determined K4 value) for 90 min at 37 °C. Wells were subsequently incubated with three different concentrations of ACE2 (2.6 x 1078
M, 5.3 x 1078 M, and 1.1 x 1077 M). The amount of HSA or ACE2 bound to 6 x His-tag-S1 were detected using either an anti-HSA (left) or an anti-ACE2 (right)
primary antibody (Student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001, with respect to the control). (C) Molecular docking of the S1 domain of spike bound to HSA.
Overall view of the putative complex between HSA (in orange) (PDB ID: 1A06 (Sugio et al., 1999)) and the omo-trimeric spike (light grey) (PDB ID: 7N9T (Sun et al.,
2021)). The boxes show the residues involved in HSA:S1 and ACE2:S1 interactions. Images were drawn with the UCSF Chimera-package (Pettersen et al., 2004). (For

interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

M, 2.5 x 107> M, and 5.0 x 107> M HSA. By adding antibodies directed
against either HSA or ACE2, we observed a dose-dependent statistically
significant increase in the fraction of HSA bound to the 6 x His-ta-
g-S1-coated wells (Fig. 2A, left panel). Besides, a dose-dependent sta-
tistically significant decrease in the signal of the ACE2 fraction bound to
the 6 x His-tag-S1-coated wells was observed (Fig. 2A, right panel).

To evaluate if reciprocal displacement occurs, the reverse experi-
ment was conducted (Fig. 2B). Considering the HSAKO value for HSA:S1
complex formation, calculated as (2.2 + 0.3) x 107° M, the 6 x His-tag-
S1-coated wells were incubated with 2.2 x 107% M HSA and the HSA:S1
complex dissociation was evaluated by adding 2.6 x 1078 M, 5.3 x 1078
M, and 1.1 x 1077 M of ACE2. Upon the addiction of ACE2, a dose-
dependent statistically significant decrease in the fraction of HSA
bound to the 6 x His-tag-S1-coated wells was observed (Fig. 2B, left
panel), while a dose-dependent statistically significant increase in the
ACE2 fraction was reported (Fig. 2B, right panel).

The analysis of data shown in Fig. 2, according to eqns (2) and (3),
allowed to determine values "AKacps (=2.3 x 107 M and 7.7 x 107°
M; Fig. $3A) and A%F2Kyga (=4.7 x 1078 M and 8.7 x 1078 M; Fig. S3B)
at fixed ACE2 (=2.6 x 10~% M; Fig. S3A) and HSA (=2.2 x 107 M;
Fig. S3B), respectively. To outline the competition of HSA and ACE2 for
S1, values of F8AK, o and 2F2Kyga were calculated according to eqns
(4) and (5) considering the following parameters HSAKO (=2.2 x 107 M)
and A°F2K, (=2.6 x 1078 M) at ACE2 = 2.6 x 1078 M and HSA = 2.2 x
107% M. The calculated values of 154K, Ace2 (3.7 x 107° M) and ACEZKHSA

(3.8 x 1078 M) agree with those obtained experimentally (Fig. S3).

To predict the HSA:S1 recognition region and to assess whether there
are overlapping regions between HSA and ACE2 for the recognition of
S1, molecular docking studies were performed. HSA is an all-a-helical
protein arranged in three domains, namely domain I (amino acids
1-195), I (amino acids 196-383), and III (amino acids 384-585) (Fanali
et al., 2012). The results here reported indicate that the binding inter-
face between HSA and S1 is lined by Glu425, Asn429, Lys519, Lys524,
GIn526, and Glu565 residues hosted in the domain III of HSA and by
Arg466, Asn487, Tyr489, and GIn493 residues located in the RBM of S1.
Furthermore, Prol13, Argll4, and Valll6 residues placed in the
domain I of HSA interfaces with Lys417 of S1. Finally, hydrogen bonds
are established between Argl14, Argl17, and Lys524 residues placed in
the domains I and III of HSA and Asp420, Tyr421, and Tyr489 residues
located in the RBD of S1 (Fig. 2C). Of note, the Lys 417, Asn487, Tyr489,
Gln493 residues of S1 also play a key role in ACE2 recognition (Figs. S4
and S5; Table S1) (Lan et al., 2020).

3.4. HSA modulates renin-angiotensin system pathway favoring the
ACE2/Ang 1-7/MAS/AT2 axis

ACE2 functions as a counter-regulator of the renin-angiotensin sys-
tem (RAS), which plays a crucial role in maintaining blood pressure,
electrolyte balance, and fluid balance (Patel et al., 2017; Yang and Xu,
2017). The liver releases angiotensinogen, which is converted by plasma
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renin into angiotensin I (Ang I). The angiotensin-converting enzyme
(ACE), found on the surface of vascular endothelial cells, particularly in
the lungs, transforms Ang I into angiotensin II (Ang II), which acts
through the angiotensin II type 1 and type 2 receptors (AT1 and AT2,
respectively) (Bian and Li, 2021). The ACE-Ang II-AT1 classical axis
leads to vasoconstriction and increases blood pressure (Paz Ocaranza
et al., 2020). Ang II is converted by ACE2 into the vasodilator Ang (1-7)
or catalyzes Ang I conversion into Ang (1-9), which then ACE further
cleaves into Ang (1-7) (Bian and Li, 2021). Ang (1-7) binds to the
transmembrane MAS receptor, forming an ACE2-Ang (1-7)-MAS axis. It
is generally assumed that the ACE2/Ang 1-7/MAS/AT2 pathway may
counteract the effects of the classical RAS pathway, promoting
anti-inflammatory, anti-hypertrophic, and anti-fibrotic effects, and it is
therefore referred to as the “protective arm” of RAS (Yang and Xu, 2017;
Bian and Li, 2021; Paz Ocaranza et al., 2020).

With the aim of identifying the molecular mechanism underlying the
potential role of HSA in influencing COVID-19 progression, we explored
the possibility that HSA could modulate the expression of RAS compo-
nents (Fig. 3). Experiments were conducted using A549 adenocarci-
nomic human alveolar basal epithelial cells, SH-SY5Y neuroblastoma
cells, and human hepatoma HepG2 cells. These cell lines serve as valu-
able models for studying respiratory virus infections and are charac-
terized by the expression of RAS components (Huang et al., 2020; Wu
etal., 2021; Bielarz et al., 2021). First, we investigated the ability of HSA
to modulate the expression of the classical pathway of the RAS system,
particularly focusing on ACE and AT1 transcripts. The results obtained
indicated that HSA significantly induced, both after 6 and 24 h of
treatment, the expression of ACE in A549 (1.3-fold, p < 0.05 at 6 h;
1.5-fold, p < 0.01 at 24 h) and HepG2 (2.3-fold, p < 0.001 at 6 h;
2.1-fold, p < 0.01) compared to untreated cells. In SH-SY5Y, ACE levels
significantly increased only after 24 h (1.3-fold, p < 0.01) compared to
untreated cells. Next, we examined the expression of AT1, which plays a
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key role in mediating the major cardiovascular effects of angiotensin II
(Forrester et al., 2018). In this case, we observed an overall tendency of
HSA to induce a downregulation of AT1 transcript. Specifically, in A549
and SH-SY5Y cells a statistically significant downregulation of AT1 was
observed after 6 h (A549: 1.2-fold, p < 0.05; SH-SY5Y: 1.5-fold, p <
0.05) and 24 h (A549: 1.4-fold, p < 0.01; SH-SY5Y: 1.7-fold, p < 0.05)
following HSA administration. In HepG2 cells, a slight downregulation
was noted, although it was not statistically significant (Fig. 3).

In addition to the classical pathway of the RAS system, we examined
the effect of HSA treatment on the ACE2/Ang 1-7/MAS/AT2 protective
pathway. HSA induced an increase in ACE2 levels compared to controls
(A549: 1.3-fold, p < 0.05 at 6 h, and 1.7-fold, p < 0.01 at 24 h; SH-SY5Y:
1.6-fold, p < 0.05 at 6 h, and 2.1-fold, p < 0.01 at 24 h; HepG2: 1.2-fold,
p < 0.05 at 6 h). Besides, HSA also induced a significant increase of AT2
levels (A549: 1.3-fold, p < 0.05 at 6 h, and 2.4-fold, p < 0.001 at 24 h;
SH-SY5Y: 1.5-fold, p < 0.05 at 6 h, and 1.7-fold, p < 0.01 at 24 h;
HepG2: 1.4-fold, p < 0.05 at 6 h, and 1.7-fold, p < 0.05 at 24 h) (Fig. 3).
On the contrary, MAS expression significantly increased in HSA-treated
A549 (A549: 1.4-fold, p < 0.05 at 6 h, and 3.6-fold, p < 0.001 at 24 h;
HepG2: 1.6-fold, p < 0.05 at 6 h, and 2.2-fold, p < 0.01 at 24 h).
Conversely, in SH-SY5Y cells, MAS expression decreased following HSA
treatment. Overall, data obtained indicate that HSA up-regulates the
expression of the ACE2/Ang 1-7/MAS/AT2 receptor pathway, possibly
promoting anti-inflammatory, anti-hypertrophic, and anti-fibrotic
effects.

Next, we analyzed the modulation of the RAS pathway in Vero E6
cells infected for 48 h with 0.1 MOI of the SARS-CoV-2 delta variant
AY61 sub-lineage, in the absence and presence of 1.5 x 10~* M HSA
(Fig. 4). First, we analyzed the response of Vero E6 cells to HSA treat-
ment, which induced a significant increase in ACE, ACE2, AT2, and MAS
levels compared to untreated cells (ACE: 2.4-fold, p < 0.01; ACE2: 2.4-
fold, p < 0.05; AT2: 1.9-fold, p < 0.5; MAS: 2.3-fold, p < 0.5). According
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Fig. 3. HSA modulates the RAS system in A549, SH-SY5Y, and HepG2 human cells. Cells were treated with 1.5 x 10~* M HSA for 6 and 24 h. Transcript levels of
ACE, AT1, ACE2, AT2, and MAS were measured by RT-qPCR, normalized to a-actin, and reported using the 2-*“ method. Data are reported as the mean + SD of
three independent experiments (Student’s t-test, *p < 0.05; **p < 0.01; ***p < 0.001 with respect to the control).
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Fig. 4. HSA induces the transcriptional modulation of the RAS system in Vero E6 cells infected with SARS-Cov-2. Transcript levels of ACE, AT1, ACE2, AT2,

and MAS were measured by RT-qPCR, normalized to a-actin, and reported using the

(One-way ANOVA test, *p < 0.05, **p < 0.01).

to literature, when cells were infected with the SARS-CoV-2 virus, the
ACE-AT1 classic pathway appeared to be activated compared to un-
treated cells (ACE: 2.9-fold; p < 0.01; AT1: 3.8-fold; p < 0.05). In
contrast, the ACE2/Ang 1-7/MAS/AT2 pathway appeared to be sup-
pressed, with ACE2 expression decreasing by 2.4-fold (p < 0.05) while
AT2 and MAS levels remained unchanged compared to untreated cells
(Malha et al., 2020; Gurwitz, 2020). Notably, the presence of HSA in
both the experimental conditions tested resulted in a reversal of the RAS
pathways balance compared to what was observed in Vero E6 cells
infected with SARS-CoV-2 in the absence of HSA. Indeed, under both the
experimental conditions tested, HSA caused a significant reduction in
AT1 levels (4.4-fold, p < 0.01 in cells pre-treated with HSA and then
infected; 2.2-fold, p < 0.05 in cells treated with the HSA:SARS-CoV2
mix) compared to SARS-CoV-2-infected cells. In contrast, a significant
increase in the levels of ACE2 (2.7-fold, p < 0.05, in cells pre-treated
with HSA and then infected; 1.9-fold, p < 0.05 in cells treated with
the HSA:SARS-CoV2 mix), AT2 (3.4-fold, p < 0.05 in cells pre-treated
with HSA and then infected; 7-fold, p < 0.05 in cells treated with the
HSA:SARS-CoV2 mix), and MAS (2.3-fold, p < 0.05 in cells pre-treated
with HSA and then infected; 6.8-fold, p < 0.05 in cells treated with
the HSA:SARS-CoV2 mix) was observed compared to
SARS-COV-2-treated cells (Fig. 4).

Overall, these data clearly support the protective role of HSA towards
SARS-CoV-2 infection. Indeed, HSA results able to inhibit the virus
proliferation and to induce the protective arm of the protective ACE2/
Ang 1-7/MAS/AT2 axis of RAS.

3.5. The levels of HSA decrease in PBMCs derived from COVID-19
hypoalbuminemic patients compared to COVID-19 normoalbuminemic
patients

It has been reported that HSA internalizes in leukocytes of patients
with acutely decompensated cirrhosis, potentially fulfilling its immu-
nomodulatory functions (Casulleras et al., 2020; Saha et al., 2022). With
the aim of investigating the hypothesis that hypoalbuminemia in
COVID-19 patients could be attributed to the relocalization of albumin
into PBMCs (Casulleras et al., 2020; Saha et al., 2022; Chu et al., 2020),

Z—AACt

method. The graphs indicate the means =+ SD of two different experiments

we performed a preliminary pilot study that involved 16 hospitalized
COVID-19 patients, of which 9 were normoalbuminemic (HSA levels >
3.5 g/dL) and 7 hypoalbuminemic (HSA levels < 3.5 g/dL) (Fig. 5A).
Peripheral blood samples were collected from these patients, and HSA
levels were determined in PBMCs using immunoblotting. For each pa-
tient, both intracellular PBMCs and plasma HSA levels were assessed.
The results obtained indicated a reduction in HSA levels in the PBMCs of
hypoalbuminemic patients compared to normoalbuminemic ones
(Fig. 5B). This finding suggests that hypoalbuminemia in COVID-19
patients is not primarily caused by the relocalization of albumin, but
rather by an overall decrease in HSA levels.

4. Discussion

Hypoalbuminemia has been reported in COVID-19 patients and is
considered an indicator of the disease severity and prognosis (Huang
et al., 2020; Sanson et al., 2023; Zerbato et al., 2022; Chen et al., 2021;
Violi et al., 2020). The underlying mechanisms by which low HSA levels
correlate with poor outcomes in COVID-19 are not fully understood, but
it is quite clear that hypoalbuminemia is associated with the acquisition
and severity of infectious diseases, and that the severity of hypo-
albuminemia reflects the seriousness of both acute and chronic inflam-
mation (Vita et al., 2020; di Masi et al., 2018; Di Bella et al., 2015; Di
Bella et al., 2016; Minatoguchi et al., 2018; Soeters et al., 2019; Johnson
and Winlow, 2022; Wiedermann, 2022). In this study, our aim was to
clarify the molecular basis of the correlation between HSA levels and
susceptibility to SARS-CoV-2 infection.

Our results support the notion that HSA acts as a self-defense
mechanism by binding to the S1 domain of the spike protein with a Kq
value of ~2.6 x 107% M. Serum proteins, which are highly abundant in
human plasma, are emerging as key players in the host-pathogen in-
teractions, thus influencing the onset and the severity of infections
(Wiedermann, 2022). Indeed, we previously reported that HSA acts as a
buffer capable of binding and transporting various ligands (e.g, metal
ions, drugs, heme), as well as reducing the activity of bacterial and
fungal toxins. Consequently, inadequate albumin buffering (i.e., in pa-
tients with hypoalbuminemia) has been associated with a greater
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#1 3.66 N
#2 4.03 N
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#5 3.85 N
#6 3.85 N
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#8 3.82 N
#9 413 N
#10 2.63 H
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Fig. 5. The levels of HSA in PBMCs decrease in hypoalbuminemic patients infected by SARS-CoV-2. Plasma was collected from 9 normoalbuminemic and 7
hypolbuminemic COVID-19 patients and PBMCs were collected. (A) Plasma levels of HSA were determined and reported as g/L. (B) Intracellular levels of HSA were
measured by immunoblot using an anti-HSA antibody and data were normalized to the total protein loading as visualized by Coomassie staining. The graph reports
the medians + SD of HSA levels (Student’s t-test *p < 0.05, with respect to the normoalbuminemic patients).

susceptibility to pathogenic infections and systemic complications (Vita
et al., 2020; di Masi et al., 2018; Di Bella et al., 2015; Di Bella et al.,
2016; Austermeier et al., 2021; De Simone et al., 2023). Molecular
docking results predicted that domains I and III of HSA interact with S1
though numerous bonds. The Lys517 and Lys524 residues, both located
in domain III of HSA and critical for S1 recognition, can undergo gly-
cation. Notably, it has been previously reported that the binding ca-
pacity of native albumin to the S1 subunit decreases with increasing
concentration of glycated albumin (Zekri-Nechar et al., 2022; Iles et al.,
2022). This supports our data, highlighting the key role played by the
domain III of HSA in spike recognition. On the other side, the Arg466,
Asn487, Tyr489, and GIn493 residues located in the RBM of the RDB
region of S1 play are critical in the interaction with HSA. Intriguingly,
the RBM region of S1, specifically the Lys417, Asn487, Tyr489, GIn493
residues, are also involved in ACE2 recognition (Lan et al., 2020). The
HSA:S1 complex predicted here appears similar to one of the models
obtained through molecular docking and all-atom molecular dynamics
simulations reported by Yin and colleagues (Yin et al., 2021). Specif-
ically, our results align with model 2 which indicates that the RBD of
spike binds to the junction of domain I and domain III of HSA, with
electrostatic energy and van der Waals forces playing crucial roles in the
interaction. Notably, the binding energy of the HSA:RBD complex,
calculated using the screening MM/PBSA method, was significantly
stronger than that of ACE2:RBD, thereby confirming that HSA has the
potential to effectively neutralize the RBD of Spike (Yin et al., 2021).

The molecular docking results here reported are further corroborated
by displacement ELISA experiments confirming the competition of HSA
and ACE2 for binding to S1. Although HSA binding affinity for S1 falls
within the micromolar range, whereas ACE2 affinity for S1 is in the
nanomolar range (Lu et al., 2020) (data reported here), the high plasma
concentration of HSA in normoalbuminemic subjects (3.5-5.5 g/dL)
increases the likelihood of interaction between HSA and SARS-CoV-2,
thus compensating for the relatively low affinity between HSA and
spike protein. This hypothesis finds an experimental support in the HSA
protective effect reported in Vero E6 infected with SARS-CoV-2 delta
variant AY61 sub-lineage. Indeed, HSA decreases the viral replication
rate of SARS-CoV-2.

Besides, we reported that HSA exerts a protective effect against
SARS-CoV-2 infection by inducing the protective arm of the RAS
pathway (i.e., the ACE2/Ang 1-7/MAS/AT2 axis), at least when
administered before infection. RAS operates via a tightly regulated
mechanism involving enzymes and hormones expressed in various or-
gans (Pahlavani et al., 2017; Nehme et al., 2019). The RAS system is

finely regulated by ACE and ACE2 receptors, governing the equilibrium
between classical and protective RAS pathways. However, this equilib-
rium is disrupted in SARS-CoV-2-infected patients, as ACE2 binding to
the spike protein significantly reduces ACE2 enzymatic activity (Mas-
colo et al., 2020; Ashraf et al., 2021; Rysz et al., 2021; Gao et al., 2022;
Oudit et al., 2023). Consequently, the RAS pathway becomes dramati-
cally skewed in COVID-19 patients toward the classical axis, leading to
increased levels of circulating Ang II and decreased Ang 1-7 (Gao et al.,
2022; Oudit et al., 2023; Braga et al., 2020; Lissoni et al., 2020; Mies-
bach, 2020; Silhol et al., 2020; Dean et al., 2021; Osman et al., 2021).
This shift in angiotensin levels disrupts RAS balance, possibly resulting
in elevated harmful effects, including vasoconstriction, inflammation,
and pro-fibrotic signaling (Ni et al., 2020; Rysz et al., 2021; Gao et al.,
2022; Oudit et al., 2023). Interestingly, we found that HSA counteracts
the classical pathway induced by SARS-CoV-2 infection by inducing
ACE2, AT2, and MAS, which are components of the protective arm of the
RAS pathway responsible for anti-thrombotic, anti-inflammatory, and
vasodilatory effects (Fig. 6). This outcome aligns with earlier research
suggesting that HSA modulates the expression and activity of ACE and
ACE2, and influences the production of angiotensin(s) (Liu et al., 2009;
Marquez et al., 2014).

HSA internalizes in leukocytes of patients with acutely decom-
pensated cirrhosis to attend its immunomodulatory function(s) (Casu-
lleras et al., 2020). Given this, we investigated whether HSA might shift
from plasma to PBMC cells in response to SARS-CoV-2 infection,
potentially contributing to the reported hypoalbuminemia. Our results
reveal that in hypoalbuminemic COVID-19 patients, HSA levels in
PBMCs were lower compared to normoalbuminemic COVID-19 patients.
This suggests that hypoalbuminemia in COVID-19 patients is not due to
albumin re-localization but rather to a global decrease in HSA levels,
possibly linked to its movement into the extravascular space or inter-
stitium, driven by inflammation-induced vascular leakage (Soeters et al.,
2019).

Despite the numerous receptors able to bind to HSA (Vita et al., 2022;
Ishima et al., 2022; Li et al., 2023), it is challenging to hypothesize that
HSA mediates the internalization of SARS-CoV-2. Indeed, molecular
dynamics analyses have demonstrated that although the RBD of spike
occupies the region of HSA involved in the recognition of the neonatal Fc
receptor (FcRn) (Chaudhury et al., 2003), it is possible to exclude a
so-called “antibody-dependent enhancement (ADE)” effect (Yin et al.,
2021). ADE represents the mechanism through which the binding of a
virus to the host antibodies/proteins enhances its entry into host cells.
Therefore, the available data led to exclude the hypothesis that
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Fig. 6. Proposed model for explaining the protective role of HSA towards SARS-CoV-2 infection. A fine balance between the classic and protective pathways of
the Renin-Angiotensin System (RAS), under physiological conditions, exists. During SARS-CoV-2 infection, ACE2 is downregulated, leading to an increase in
Angiotensin II (Ang II) and Angiotensin 1-7 (Ang 1-7) levels, which promotes the ACE/Ang II/AT2 axis, subsequently triggering a pro-inflammatory and a pro-
fibrotic response. In normoalbuminemic individuals, HSA upregulates ACE2, AT2, and MAS, promoting the ACE2/Ang 1-7/AT2-MAS axis. This, in turn, induces
anti-inflammatory and anti-fibrotic responses. Therefore, HSA appears to counteract the effects of SARS-CoV-2 on the RAS pathway, contributing to the maintenance
of a physiological RAS balance. As a consequence, in hypoalbuminemic patients with COVID-19, the low levels of HSA impede the modulation of the protective arm
of RAS. Consequently, the ACE/AnglI/AT2 axis triggers the reported pro-inflammatory and pro-fibrotic effects.

SARS-CoV-2 exploits the interaction with HSA to enter specific cells
without relying on the ACE2 pathway. Indeed, if HSA could mediate the
entry of SARS-CoV-2 into host cells, the virus would have posed a sig-
nificant threat to the normoalbuminemic population. On the contrary, it
has been reported that hypoalbuminemia predisposes individuals to the
worst outcomes of the infection. This suggests that HSA does not facil-
itate viral entry but instead exerts a neutralizing effect against patho-
gens in plasma.

5. Conclusions

The data reported here support the notion that hypoalbuminemia
exacerbates the imbalance of the RAS pathway towards the classical
“harmful” axis. This could help explain the greater severity and
increased mortality rates observed in hypoalbuminemic individuals
with COVID-19. In addition to its role in regulating the RAS pathway,
specifically by promoting the protective arm, HSA binds to the Spike
protein and competes with ACE2. This suggests that reduced levels of
circulating HSA in hypoalbuminemic patients may render them more
susceptible to SARS-CoV-2 infection, as spike protein is free to bind to
ACE2 and enter human cells. Interestingly, the effects of HSA on the RAS
pathway resemble those of angiotensin receptor blockers (ARBs) and
ACE inhibitors, which have been proposed as potential therapeutic
strategies to mitigate acute inflammation and vasoconstriction during
COVID-19 (Li et al., 2021; Shukla and Banerjee, 2021; Kuzeytemiz and
Tenekecioglu, 2022).
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The demonstration of HSA capability to bind the RBD of spike and to
modulate RAS signaling could be relevant to support albumin use as an
adjuvant in the treatment of COVID infections. Indeed, it is conceivable
that treatment with albumin preparations or agents containing albumin
may sustain the anti-viral therapy. Overall, an increased understanding
of the non-oncotic functions of HSA, and particularly of its role in the
innate immunity response, will help improve the risk/benefit assess-
ment and selection of optimal therapeutic regimen for a wide array of
infectious diseases and patient types. In this context, greater clinical
attention to HSA concentration is warranted for older patients, for pa-
tients treated with multiple drugs that could potentially affect or be
affected by HSA concentration, as well as for patients with multiple
comorbidities.

For the future, additional in vivo studies will be necessary to sub-
stantiate the ability of HSA to neutralize spike function and reduce virus
entry into host cells. In this context, particular attention should be given
to SARS-CoV-2 variants in which the mutation is localized within the
interface involved in HSA recognition. Indeed, beside the Delta variant
(K417 N; PANGO lineage: B.1.617.2) here studied, which involves the
Lys417 residue located in the interface of interaction between spike and
HSA, further mutations of this amino acid have been reporter in the Beta
(K417 N; PANGO lineage: B.1.351) and Gamma (K417T; PANGO line-
age: P.1) variants (Jackson et al., 2022). Additionally, also the GIn493
residue results mutated in the Omicron variant (Q493R; PANGO lineage:
B.1.1.529) (da Costa et al., 2022; Antony et al., 2022). Therefore, it will
be of interest to study the effects of these natural mutations of the spike
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RBD on HSA recognition and neutralization activities.
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