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SUMMARY

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of coronavirus disease
2019 (COVID-19), has caused >770 million infections since 2020. SARS-CoV-2 outcomes are largely influ-
enced by host immune responses. Among key mediators of innate immunity, high-mobility group box 1
(HMGB1) has gained attention for its role in inflammation during SARS-CoV-2 infection, and its levels are
significantly elevated in acute and post-COVID-19 cases, correlating with disease severity. This study inves-
tigated the role of HMGB1 in COVID-19 pathogenesis. Our findings demonstrate that the SARS-CoV-2 spike
protein directly interacts with HMGB1, forming an HMGB1-SARS-CoV-2 complex. This complex interacts
with the receptor for advanced glycation end-products (RAGE), facilitating clathrin-mediated endocytosis
and enhancing SARS-CoV-2 infection in human lung cells in vitro and in mouse models of infection. Overall,
this study demonstrates the role of HMGB1 in promoting viral entry via RAGE, emphasizing its potential as a

therapeutic target in severe COVID-19 cases.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
the causative agent of coronavirus disease 2019 (COVID-19),"?
has caused more than 770 million infections since 2020.° SARS-
CoV-2 infection results in broad-spectrum outcomes ranging
from mild symptoms to severe respiratory failure and even death.”
Similar to other viral infections, a key factor influencing the vari-
ability in COVID-19 severity is the host immune response. Im-
mune-related cytokines, including IL-6 and TNF-a, have gained
significant attention.” Among these, high-mobility group box 1
(HMGB1) has emerged as one of the most extensively studied me-
diators of the inflammatory response during SARS-CoV-2 infec-
tion,®” and its serum levels are reported to be significantly higher
in patients with severe symptoms and fatal outcomes.®

HMGB1 is a well-characterized damage-associated molecular
pattern molecule released during cellular stress and is involved in
regulating inflammation and immune responses.® The structure
of HMGBH1 is highly conserved and comprises 215 amino acid
(@a) residues forming two homologous DNA-binding domains—
box A (aa 1-79) and box B (aa 89-162)—as well as a C-terminal
acidic tail domain (aa 186-215)."%"" Box B plays a crucial role in
pro-inflammatory activities and interacts with Toll-like receptors
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(TLRs),'? whereas box A interacts with box B and the C-terminal
acidic tail to inhibit their inflammatory functions.'® Residues 150~
183 are known to interact with the receptor for advanced glycation
end-products (RAGE)'“; further, post-translational modifications of
HMGBH1 are critical for regulating its roles in nuclear-cytoplasmic
translocation and extracellular secretion.”'>"'®* HMGB1 endocy-
tosis via RAGE has been observed in macrophages, where it in-
duces pyroptosis during endotoxemia.’® Furthermore, extracel-
lular HMGB1 binds to pro-inflammatory mediators such as
lipopolysaccharide (LPS),?° and the resulting HMGB1-LPS com-
plexes bind to RAGE on the cell surface, facilitating endocytosis
into the endolysosomal compartment.'® Within this compartment,
HMGB1 permeabilizes the lysosomal membrane under acidic con-
ditions, ultimately mediating pyroptosis.?’ SARS-CoV-2 infection
of host cells occurs primarily through interaction with specific cell
surface receptors, such as angiotensin-converting enzyme 2
(ACE2).%22% Although ACE2 is the most extensively studied recep-
tor in SARS-CoV-2 infection,?*2° recent studies highlight that the
virus can also infect cells and organs that do not express ACE2.7"-?8

Beyond its role in pathogen sensing and inflammatory
signaling, HMGB1 has been implicated in the pathogenesis of
various diseases, including sepsis,29 autoimmune disor-
ders,**? and acute lung injury.>*** Severe COVID-19 shares
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Figure 1. HMGB1 directly interacts with the S1 subunit of the SARS-CoV-2 spike protein

(A) Various HMGB1 domains were purified and (B) direct binding of HMGB1 domains to the spike protein was detected using SPR. Spike protein was immobilized
on a CM5 chip, and each HMGB1 analyte was added. K, values were measured using the Biacore T200 evaluation software. Also see Table S1. HMGB1 domains
were incubated with the S1-subunit of spike protein for 1 h at 37°C. Recombinant protein concentration was calculated according to its molecular mass.
Immunoprecipitation (C) between the S1 subunit and HMGB1 domains was performed (left panel), and non-specific binding of the HMGB1 protein molecules to
the beads was observed as a control (right panel). HMGB1, high-mobility group box 1; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SPR,

surface plasmon resonance.

key pathological features with sepsis, including cytokine storm
and endothelial dysfunction,”*>*¢ suggesting a potential role
for HMGB1 in COVID-19 progression. However, the specific
role of HMGB1 following its release during SARS-CoV-2 infec-
tion remains unclear.

This study aimed to deepen our understanding of the role of
HMGB1 in COVID-19 pathogenesis and its involvement in viral
entry through its interaction with RAGE. HMGB1 binds to the
spike protein of SARS-CoV-2, and the SARS-CoV-2-HMGBH1
complex interacts with RAGE to promote infection via endocy-
tosis. This study sought to determine the potential of HMGB1
as a therapeutic target and contribute to the discovery and
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development of effective treatment strategies for severe
COVID-19.

RESULTS

HMGB1 directly interacts with the S1 subunit of the
SARS-CoV-2 spike protein

Our previous report showed that HMGB1 is passively released
from cells undergoing PANoptosis during SARS-CoV-2 infec-
tion,®” prompting us to investigate its physiological role in the
context of SARS-CoV-2 infection. Therefore, we aimed to deter-
mine whether HMGB1 binds to the SARS-CoV-2 spike protein.
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Figure 2. HMGB1 enhances SARS-CoV-2 Infectivity

(A) hACE2 and HMGB1 were incubated for 1 h at 37°C. hACE2 was immunoprecipitated in vitro, and the presence of HMGB1 was assessed via western blotting.
(B and C) A549 cells were infected for 1 h with 1 MOI SARS-CoV-2, which was preincubated with HMIGB1 for 1 h at 37°C, cultured further for 3 h, and subjected to
western blotting (B) and qRT-PCR for viral RNA measurement (C) n = 3. S.E., short exposure; L.E., long exposure. Also see Figure S1.

(D) A549 cells were infected with 5 MOl SARS-CoV-2 as above, fixed, and stained with anti-NP for confocal imaging. Representative images are shown. The
percentage of infected cells and NP intensity were measured by counting at least 200 visible cells. n = 4.

(E and F) A549 cells were infected with 1 MOI SARS-CoV-2 preincubated with various HMGB1 domains and were harvested for western blotting, quantification (E)
n =3, and qRT-PCR for viral RNA measurement (F) n = 2.

(G) A549 cells were infected with 5 MOI SARS-CoV-2 preincubated with various HMGB1 domains. Cells were fixed, permeabilized, and stained with anti-NP for
confocal imaging. Representative images are shown. The percentage of infected cells and NP intensity were measured by counting at least 200 visible cells. n = 4.

(legend continued on next page)
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We extracted and purified full-length HMGB1 (HMGB1-WT), A
box (HMGB1-A box), B box (HMGB1-B box), as well as acidic
C-tail-deleted HMGB1 (HMGB1-AC) from E. coli (Figure 1A)
and performed surface plasmon resonance (SPR) analysis. For
this assay, spike protein was immobilized and various concen-
trations of HMGB1 domains were passed over the surface. The
analysis showed that HMGB1 domains directly bound to the
spike protein in a concentration-dependent manner, with
HMGB1-WT showing an equilibrium dissociation constant (Kp)
of 3.553 pM. HMGB1-A box, HMGB1-B box, and HMGB1-AC
also bound to the spike protein with Kp values of 6.099 pM,
1.025 pM, and 1.381 pM, respectively (Figure 1B). The corre-
sponding association (K,) and dissociation (Ky) rate constants
are provided (Table S1). Next, to determine whether HMGB1
binds specifically to the S1 subunit of the spike protein, we per-
formed an immunoprecipitation (IP) assay. HMGB1-WT and
HMGB1-AC, both containing the RAGE-binding site at aa 150-
183, exhibited strong interactions with the S1 subunit compared
to those of the other domains. The acidic C-tail region appeared
to have no significant influence on the interaction between
HMGB1 and the S1 subunit. The HMGB1-A and -B boxes
showed weak binding with S1 (Figure 1C).

High mobility group box 1 enhances SARS-CoV-2
infectivity
Next, we investigated the effects of HMGB1 on viral infectivity us-
ing A549, a lung-derived adenocarcinoma cell line that expresses
ACE2 at low levels.*® After excluding the possibility of HMGB1
binding to ACE2 (Figure 2A), HMGB1 was incubated with
SARS-CoV-2 in vitro before infection. The addition of high con-
centrations of HMGB1 significantly increased the SARS-CoV-2
nucleocapsid protein (NP) levels and viral load 3 h post-infection
(hpi) (Figures 2B and 2C). To determine whether HMGB1 func-
tions during viral entry rather than post-entry, we assessed NP
levels at 1 hpi (Figure S1). The results were consistent with those
observed at 3 hpi, indicating that HMGB1 likely acts during the
early stages of infection. Furthermore, immunofluorescence
staining of A549 cells showed a significant increase in NP levels
and in the total number of infected cells in the presence of high
HMGB1 concentrations (Figure 2D). Early detection of NP by
western blotting and immunofluorescence staining following
SARS-CoV-2 infection is consistent with previous reports.*%*°
To exclude the possibility that HMGB1 induces SARS-CoV-2
replication independently of SARS-CoV-2-HMGB1 complex for-
mation, we pretreated NCI-H1975 cells—a lung-derived adeno-
carcinoma cell line with no detectable ACE2 expression®®°—
with HMGB1, followed by extensive washing before infection.
Concurrently, cells infected with the virus preincubated with
HMGB1 showed increased NP levels, whereas HMGB1-pre-
treated cells exhibited NP levels comparable to those in un-
treated infected controls (Figure S2). These results indicate
that the increased infectivity is specifically dependent on the for-
mation of SARS-CoV-2-HMGB1 complexes.

iScience

To further assess the effects of different HMGB1 mutant
domains on SARS-CoV-2 infectivity, we preincubated SARS-
CoV-2 with the HMGB1-A box, -B box, and -AC domains. These
recombinant proteins were used at an equivalent molarity and
were preincubated with SARS-CoV-2 under identical conditions.
Interestingly, the mutant HMGB1 proteins exhibited varying ef-
fects on SARS-CoV-2 infectivity. HMGB1-WT and HMGB1-AC,
both of which contain the known RAGE-binding site (Figure 1A),
enhanced viral infectivity, whereas the HMGB1-A box and -B
box mutants had a negative effect on infectivity (Figures 2E-
2@G). These findings suggest that the HMGB1-mediated increase
in SARS-CoV-2 infection is dependent on the presence of the
RAGE-binding site, suggesting the potential involvement of the
HMGB1-RAGE interaction during SARS-CoV-2 infection.

High mobility group box 1 enhances SARS-CoV-2
infection in a advanced glycation end-product-
dependent manner

To investigate the mechanism by which the SARS-CoV-2-
HMGB1 complex enhances infectivity, we focused on RAGE.
For this purpose, cells with high RAGE expression but low or
no ACE2 expression were selected. Vero E6 and Calu-3 cells
expressed moderate levels of ACE2 and TMPRSS2, while
HEK293T and Hela cells did not. Consistent with previous re-
ports,®®*° A549 and NCI-H1975 cells exhibited low and unde-
tectable ACE2 expression levels, respectively. (Figure 3A). Sur-
face expression was evaluated using flow cytometry, which
confirmed that ACE2 expression in A549 and NCI-H1975 cells
was undetectable (Figure 3B). Moreover, A549 and NCI-H1975
cells expressed high levels of RAGE, as previously reported,*’*
and were therefore selected for our study. To verify whether the
increased SARS-CoV-2 infectivity in the presence of HMGB1
was ACE2-independent, ACE2 expression was knocked down
using shRNA-ACE?2 transfection. Incubation with HMGB1 before
infection significantly enhanced SARS-CoV-2 infectivity, while
successful ACE2 knockdown in A549 cells did not result in a sig-
nificant change in infectivity (Figure 3C). Collectively, these re-
sults indicate that HMGB1-mediated SARS-CoV-2 infection
occurs independently of ACE2 expression.

Soluble RAGE (sRAGE) binds RAGE ligands, preventing the li-
gands from binding to membrane-bound RAGE, thereby block-
ing RAGE signaling and inhibiting endocytosis.*>** Infection of
A549 cells with HMGB1-bound SARS-CoV-2 in the presence
of sRAGE significantly hindered infectivity (Figures 3D and 3E),
and treatment with azeliragon, a well-established RAGE antago-
nist,*>™*’ produced similar results to SRAGE in a dose-depen-
dent manner (Figure 3F). Correspondingly, the increased
SARS-CoV-2 NP levels and the percentage of cells infected
with SARS-CoV-2-HMGB1 were significantly decreased in the
presence of sRAGE, as determined using confocal imaging
(Figure 3G).

To confirm these observations, we treated NCI-H1975 cells
with cycloheximide, a eukaryotic translation inhibitor,*® followed

Scale bars represent 5 um. Also see Figure S2. Data are presented as mean + SEM; *p < 0.05, *p < 0.01, ***p < 0.001; ns, not significant, using one-way ANOVA
with Tukey’s multiple comparison test. HMGB1, high-mobility group box 1; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; hACE2, human
angiotensin-converting enzyme 2; MOI, multiplicity of infection; gRT-PCR, quantitative reverse transcription polymerase chain reaction; NP, nucleocapsid

protein; SEM, standard error of the mean; ANOVA, analysis of variance.
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Figure 3. HMGB1 induces SARS-CoV-2 infection in an ACE2-independent RAGE-dependent manner

(A) Western blot analysis of receptors responsible for SARS-CoV-2 infection and HMGB1 binding. S.E., short exposure; L.E., long exposure.

(B) Flow cytometry analysis of ectodomain ACE2 in A549 and NCI-H1975 cells used in this study. Vero E6 cells were used as control.

(C) A549 cells were transfected with shRNA-ACE2 for 48 h prior to infection with 1 MOI SARS-CoV-2, which was preincubated with HMGB1 for 1 h at 37°C,
cultured further for 3 h, and subjected to western blotting.

(D and E) A549 cells were infected for 1 h with 1 MOI SARS-CoV-2, which was preincubated with HMGB1 for 1 h, in the presence of 40 pg/mL sRAGE at 37°C as
indicated. Cells were harvested at 3 hpi and subjected to western blotting (D) n = 3, and gRT-PCR for viral RNA measurement (E) n = 3.

(F) NCI-H1975 cells were infected with SARS-CoV-2 preincubated with 20 pg/mL HMGB1 in the presence of azeliragon. Cells were harvested at 3 hpi and
subjected to western blotting.

(G) A549 cells were infected with 5 MOI SARS-CoV-2, which was treated as above to observe NP. Representative confocal images are shown. The percentage of
infected cells and NP intensity were measured by counting at least 700 visible cells. n = 4.

(legend continued on next page)
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by consecutive NP staining procedures to differentiate between
internalized and extracellular SARS-CoV-2 viral particles. At
3 hpi, we observed an increase in the number of intracellular viral
particles (stained red) in infected cells in the presence of
HMGB1, whereas additional sRAGE treatment significantly
decreased SARS-CoV-2 infectivity (Figure 3H). For verification,
we used an MLV-based SARS-CoV-2 spike protein (S)-pseudo-
typed retrovirus (pseudovirus, SARS2pp) and compared its viral
internalization patterns in NCI-H1975 cells. NanoLuc luciferase
activity, indicative of viral entry, was greatly increased when
SARS2pp was incubated with HMGB1 before transduction,
whereas it was decreased with additional sRAGE treatment
(Figure 3l). sRAGE alone did not affect SARS2pp internalization
in the absence of HMGB1 (Figure 3J). Collectively, these findings
suggest that HMGB1 binding to SARS-CoV-2 enhances viral
infectivity via RAGE.

The SARS-CoV-2-high-mobility group box 1-receptor

for advanced glycation end-products complex is
required for endocytic viral entry

Extracellular HMGB1-LPS complexes bind to RAGE expressed
on cell surfaces, enabling endocytosis in the endolysosomal
compartment.’® To investigate whether HMGB1- and RAGE-
dependent viral entry mechanisms were involved in endocytosis,
we pretreated NCI-H1975 cells with chloroquine (CQ) and dyna-
sore, which inhibit endosomal acidification and endocytosis,
respectively. NCI-H1975 cells infected with SARS-CoV-2 in the
presence of HMGBH1, along with CQ and dynasore treatments,
showed reduced viral NP levels in western blotting (Figures 4A
and 4B) as well as reduced viral load (Figure 4C) compared to
that in the untreated controls. TLRs (TLR2/4) are also known to
interact with HMGB1; however, this interaction predominantly
drives inflammatory responses rather than endocytosis.*’

To further study the role of HMGB1 in viral internalization, we
performed a proximity ligase assay (PLA). Red signals repre-
sented the colocalization of EEA1 and the SARS-CoV-2 spike
protein. The increased red dots in the presence of HMGB1 and
the significant reduction in red dots with dynasore treatment
further supported the increased endocytosis (Figure 4D). These
results suggest that HMGB1-bound SARS-CoV-2 can be endo-
cytosed via the RAGE-mediated pathway. An immunofluores-
cence assay was then performed to visualize the colocalization
of HMGB1 and the SARS-CoV-2 spike protein within cells after
CQ treatment. We observed yellow dots indicating the colocali-
zation of HMGB1 and the spike protein, while the lysosomal
marker LAMP1 showed increased colocalization with the spike
protein in the presence of HMGB1 (Figure 4E). These results sug-
gest that HMGB1 promotes viral internalization via endocytosis.

iScience

While virus internalization was detected in cells, to determine
whether SARS-CoV-2-HMGB1 complexes form under biologi-
cally relevant conditions, we used supernatants from SARS-
CoV-2-infected NCI-H1975 cells. These supernatants were
incubated on spike antibody-coated coverglass, followed by in-
cubation with an HMGB1-specific antibody for detection by
confocal microscopy (Figure 4F). Green signals indicating the
presence of SARS-CoV-2-HMGB1 complexes were detected
in infected samples, whereas the signal was undetectable in
the uninfected samples (Figure 4G). The corresponding controls
have been added (Figure S3).

High-mobility group box 1 enhances SARS-CoV-2
infectivity in a murine model

We then assessed SARS-CoV-2 infectivity in the presence of
HMGB1 in vivo. BALB/c mice, which are susceptible to infection
with the B.1.351 variant,”*°" were selected for the experiment.
Mice were infected intranasally with 2 x 10° plaque-forming
units (PFUs) of the B.1.351 variant, which was incubated with 2
and 20 pg/mL of HMGB1 before infection. The lungs and trachea
were collected at 24 and 48 hpi for plaque assays and immuno-
histochemistry (IHC) analyses (Figure 5A). In the presence of
high-concentration (20 pg/mL) HMGBH1, a significant increase
in PFU was noted at 24 and 48 hpi (Figure 5B). IHC was per-
formed on the left lobe and trachea to detect SARS-CoV-2 NP
at 48 hpi. Tracheal respiratory epithelia and alveolar epithelia
stained for SARS-CoV-2 NP showed a significant increase in
the percentage of stained cells when the mice were infected
with the virus incubated with a high concentration of HMGB1
(20 pg/mL) (Figures 5C and 5D). Both plague assays and IHC
yielded comparable results, demonstrating that HMGB1 pres-
ence is strongly associated with SARS-CoV-2 infection in vivo.

DISCUSSION

Our study revealed the molecular role of extracellular HMGB1 in
SARS-CoV-2 infection. We observed a direct interaction be-
tween HMGB1 and the SARS-CoV-2 spike protein, which signif-
icantly increased viral infectivity in RAGE-expressing host cells
with low to undetectable expression of ACE2. SARS-CoV-2
infection induces HMGB1 secretion via post-translational modi-
fications and PANoptosis, resulting in its translocation from the
nucleus to the cytoplasm, as observed in postmortem lung tis-
sues.’” The elevated levels of HMGB1 and RAGE in the serum
of severely infected individuals,®*>® along with the presence of
SARS-CoV-2-HMGB1 complexes in infected supernatants,
support their significant involvement in the microenvironment
during infection. It is well known that HMGB1 plays a central

(H) Cycloheximide pretreated NCI-H1975 cells were infected with 5 MOl SARS-CoV-2 (preincubated with HMGB1). Cells were stained for NP before per-
meabilization (green; external) and post-permeabilization (red; external and internal). Representative images and their magnifications are shown. The percentage

of intracellular spots was measured by counting at least 200 visible cells. n = 4.

(I and J) SARS2pp was preincubated with or without HMGB1 in the presence of SRAGE before transduction in NCI-H1975 cells. NanoLuc luciferase activity was
measured 72 h post-transduction. n = 3 Scale bars represent 5 um. Data are presented as mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not
significant, using one-way ANOVA with Tukey’s multiple comparison test and Student’s unpaired t-test. HMGB1, high-mobility group box 1; SARS-CoV-2, severe
acute respiratory syndrome coronavirus 2; MOI, multiplicity of infection; gRT-PCR, quantitative reverse transcription polymerase chain reaction; NP, nucleo-
capsid protein; SEM, standard error of the mean; ANOVA, analysis of variance; hpi, hours post-infection; RAGE, receptor for advanced glycation end-products;
ACE2, angiotensin-converting enzyme 2; SARS2pp, SARS-CoV-2 spike protein (S)-pseudotyped retrovirus.
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Figure 4. The SARS-CoV-2-HMGB1-RAGE complex is required for endocytic viral entry

(A-C) NCI-H1975 cells were pretreated with either dynasore or chloroquine (CQ) and infected with 1 MOI SARS-CoV-2, which was preincubated with HMGB1 for
1 h at 37°C, cultured further for 3 h, and subjected to western blotting (A and B) n = 3, and qRT-PCR for viral RNA measurement (C) n = 3.

(D) NCI-H1975 cells were pretreated with dynasore and infected with 5 MOI SARS-CoV-2, preincubated with HMGB1, and analyzed using a proximity ligation
assay. Representative images and their magnifications are shown with red dots indicating the colocalization of spike protein and EEA1. The percentage of the
number of dots per cell was determined by counting at least 10 visible cells. n = 4.

(E) NCI-H1975 cells were pretreated with CQ and infected with 5 MOI SARS-CoV-2 (preincubated with HMGB1). Cells were stained for spike (SARS-CoV-2) and
either for 6x His for HMGB1 or LAMP1. Representative images and their magnifications are shown. The percentage of colocalization per cell was determined by
counting at least 30 visible cells. n = 3.

(F) Scheme of virus pull-down assay.

(legend continued on next page)
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role in multiple inflammatory and immune-mediated conditions.
High levels of HMGB1 in these pathological states may predis-
pose patients to enhanced SARS-CoV-2 susceptibility and
severity. Elevated HMGB1 levels have also been reported in pa-
tients with severe COVID-19,%2°*76 and our findings raise the
possibility that circulating HMGB1 may facilitate SARS-CoV-2
entry through RAGE-mediated endocytosis.

RAGE is one of the receptors for HMGB1. HMGB1 released
from cells during infection binds to RAGE, and this receptor—
ligand complex is internalized through clathrin-coated pits.'®*’
While the A- and B-box domains of HMGB1 bind to the SARS-
CoV-2 spike protein, their inability to interact and be endocy-
tosed by RAGE results in reduced viral infectivity compared to
full-form HMGB1. Although TLRs (such as TLR2 and TLR4) are
also known to interact with HMGB1, these interactions primarily
drive inflammatory responses rather than endocytosis.*® The co-
localization of spike protein with the early endosomal marker
EEA1 indicates that the SARS-CoV-2-HMGB1 complex utilizes
clathrin-mediated endocytosis for cellular entry. Furthermore,
treatment with sRAGE and azeliragon or dynasore, which blocks
RAGE and inhibits endocytosis, respectively, effectively sup-
pressed infectivity. These observations support the conclusion
that HMGB1-mediated viral internalization occurs via RAGE.
Following endocytosis, the virus may escape from the endo-
some through acidic lysis,*® a process potentially facilitated by
the HMGB1-mediated permeabilization of the lysosomal mem-
brane.?' This hypothesis is supported by the increased colocal-
ization of the lysosomal marker LAMP1 with spike protein
following CQ treatment. Notably, even in the absence of
HMGB1, some colocalization of spike protein with EEA1 and
LAMP1 was observed, suggesting that alternative endocy-
tosis-mediated pathways for SARS-CoV-2 entry exist. Although
direct binding of SARS-CoV-2 with RAGE has been reported to
drive monocyte infection,®® our results demonstrate that viral
infection via RAGE is significantly promoted in the presence of
HMGB1 compared to the absence of HMGB1.

SARS-CoV-2 primarily utilizes two major routes of host cell en-
try: either through the cell-surface protease TMPRSS2 or
through endocytosis triggered by cathepsin proteases.””?*
There have been reports of SARS-CoV-2 infecting cells that do
not express ACE2.2”-“%:5 While SARS-CoV-2 may engage alter-
native receptors such as KREMEN1 and ASGR1°" to facilitate
infection, ACE2 knockdown does not affect HMGB1-mediated
SARS-CoV-2 infection in human lung carcinoma cells, suggest-
ing that this infection is independent of ACE2. While our findings
demonstrate that HMGB1 binding to SARS-CoV-2 facilitates vi-
rus internalization through RAGE, this does not indicate the iden-
tification of a new primary receptor for SARS-CoV-2. Rather,
HMGB1 appears to function as an adaptor molecule, particularly
under conditions of low ACE2 expression, providing an acces-
sory pathway that complements primary receptors. Targeting
accessory pathways such as HMGB1-RAGE interactions could

iScience

represent a complementary therapeutic strategy to mitigate viral
entry and disease severity, especially in populations character-
ized by high systemic HMGB1 levels.

The HMGB1-RAGE signaling pathway disrupts the renin-
angiotensin system by sustaining inflammation and oxidative
stress, both key contributors to COVID-19-associated multi-or-
gan injury,? and the increasing prevalence of post-acute
sequelae of SARS-CoV-2 (PASC or long COVID). Despite exten-
sive research on the mechanism of SARS-CoV-2 infection and a
decline in new COVID-19 cases, the increasing incidence of
PASC among recovering patients has become a major concern.
Baseline plasma HMGB1 levels at the final follow-up were re-
ported to be significantly elevated in patients presenting with
PASC symptoms.®® This finding indicates that HMGB1 may
serve as a potential predictor of PASC risk and a target for ther-
apeutic interventions.

Our study highlights the critical role of HMGB1 in SARS-CoV-2
infection and its potential as a therapeutic target to mitigate se-
vere COVID-19 outcomes and long-term complications.

Limitations of the study

While in vitro immunoprecipitation shows a direct interaction
between the spike protein and HMGB1, the specific binding
site remains undefined and requires further investigation. In vivo
models may not fully capture the complexity of COVID-19 in pa-
tients with diverse inflammatory symptoms. Further research is
needed to evaluate viral strain variations, genetic backgrounds,
and therapeutic implications, including the use of RAGE inhibi-
tors in mouse models. While sex-specific effects were not the
primary focus of this study, we acknowledge that the exclusive
use of female subjects may limit the generalizability of our
findings.
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Figure 5. HMGB1 enhances SARS-CoV-2 infectivity in a murine model

(A) Schematic overview of the timeline of the experiment. BALB/c mice were infected with SARS-CoV-2 (preincubated with HMGB1). The lungs and trachea were
harvested at 24 and 48 hpi for (B) the plaque assay n = 4, and (C and D) immunohistochemistry analysis using anti-NP, anti-RAGE, anti-ACE2, and anti-HMGB1
antibodies. n = 3. Scale bars represent 100 pm. Data are presented as mean + SEM, *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001; ns, not significant, using one-
way ANOVA with Tukey’s multiple comparison test. HMGB1, high-mobility group box 1; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SEM,
standard error of the mean; ANOVA, analysis of variance; RAGE, receptor for advanced glycation end-products; ACE2, angiotensin-converting enzyme 2; hpi,
hours post-infection.
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Antibodies

Anti-SARS-CoV-2 NP

Anti-ACE2
Anti-ACE2
Anti-RAGE
Anti-TMPRSS2
Anti-HMGB1
Anti-EEA1
Anti-6x His
Anti-GAPDH
Anti-GAPDH
Anti-SARS-CoV-2 spike antibody
Anti-LAMP1
Alexa Fluor 594
Alexa Fluor 488

horseradish peroxidase (HRP)-conjugated

secondary antibodies

Sino Biological

Proteintech
R&D Systems
Santa Cruz
Santa Cruz
Abcam

CST

Abcam
Abfrontier
Abclonal
GeneTex
Abcam
Invitrogen™
Invitrogen™

Jackson Immunoresearch

Cat # 40143-R001; RRID: AB_2827974
Cat # 40143-MMO08; RRID: AB_2827978

Cat # 21115-1-AP; RRID: AB_10732845
Cat # MAB9331; RRID: AB_2242330
Cat # sc-365154; RRID: AB_10707685
Cat # sc-515727; RRID: AB_2892118
Cat # ab18256; RRID: AB_444360

Cat # 3288; RRID: AB_2096811

Cat # ab9108; RRID: AB_307016

Cat # LF-PA0212; RRID: N/A

Cat # A19056; RRID: AB_2862549

Cat # GTX632604; RRID: AB_2864418
Cat # ab24170; RRID: AB_775978

Cat # A-11005; AB_2534073/A-11012; RRID: AB_2534079

Cat # A-11008; RRID: AB_143165/A-11001;
RRID: AB_2534069

Cat # 111-035-003; RRID: AB_2313567
Cat # 115-035-003; RRID: AB_10015289

Bacterial and virus strains

SARS-CoV-2 NCCP Cat # NCCP43326
SARS2pp Department of Biotechnology, N/A

Yonsei University
Chemicals, peptides, and recombinant proteins
Spike protein and S1 subunit Gift from Prof. Hyun Soo Cho N/A
HMGB1-WT, -A and B box, AC domain This study N/A
hACE2 Sigma-Aldrich Cat # SAE0064
Dynasore Sigma-Aldrich Cat # D7693
Chloroquine Sigma-Aldrich Cat # C6628
sRAGE Sino Biological Cat # 11629-HCCH
Azeliragon Selleckchem Cat # S6415
BS3 Sigma-Aldrich Cat # S5799
Critical commercial assays
Duolink in situ fluorescence kit Sigma-Aldrich Cat # DUO92101
Nano-Glo® Luciferase Assay System Promega Cat #N1110
Experimental models: Cell lines
A549 ATCC ATCC CCL-185

NCI-H1975 Gift from Prof. Hye Ryun Kim N/A

HelLa Korean Cell Line Bank KLCB No. 10002
HEK293T ATCC ATCC CRL-1573
Calu-3 Korean Cell Line Bank KLCB No. 30055
Vero E6 ATCC ATCC CRL-1586
Experimental models: Organisms/strains

BALB/c Orientbio Inc N/A

(Continued on next page)
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Oligonucleotides

RdRp SARS-CoV-2 Macrogen N/A

5-GTGARATGGTCATGTGTGGCGG-3' and

5-CARATGTTAAASACACTATTAGCATA-3'

GAPDH Macrogen N/A

5-TCT-TCTTGGGCTACACTGAGGAC-3' and

5-TGTTGCTGTAGCCGTATTCA-3'

Recombinant DNA

HMGBH1- expressing vectors Previous study from Ohet al.** N/A

shRNA-hACE2 Yonsei Genomics Center TRCN0000046693
System Biology Core

Software and algorithms

ImageQuant 800 LAS N/A

QuantStudio™ Real-Time PCR System Applied Biosystems N/A

FlowJo BD Bioscience V10.10

ZEN Blue edition Carl Zeiss V3.0.

Prism 10 GraphPad V10.4.0

Biacore™ T200 Cytiva N/A

BIA evaluation software Cytiva VT.200

Confocal microscope Carl Zeiss LSM780, 980

ImagedJ ImagedJ V1.54k

BD FACS Verse |l system BD N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal model and cell lines

Seven-week-old female BALB/c mice were purchased from Orientbio Inc. (Seongnam-si, South Korea) and housed in groups of 4 in
an animal BSL-3 facility, with controlled temperature and humidity. The animals were allowed to acclimate for 2 weeks before any
treatment. Animal studies were approved and strictly conducted according to the protocols of the Institutional Animal Care and
Use Committee of Yonsei University College of Medicine (2020-0227).

A549, Vero E6, HEK293T (CCL-185, CRL-1586, CRL-1573, ATCC), HelLa, Calu-3 (Korean Cell Line Bank, Seoul, South Korea), and
NCI-H1975 (a gift from Professor Hye Ryun Kim at Yonsei University College of Medicine, Seoul, South Korea) cells were maintained
at 37°C in a humidified atmosphere with 5% CO.. Vero E6, HEK293T, HelLa, and Calu-3 cells were cultured in Dulbecco’s modified
Eagle’s medium with high glucose (DMEM; LM0001-05, Welgene, Gyeongsan-si, South Korea); NCI-H1975 cells were cultured in
RPMI-1640 medium (10-040-CV, Corning, Glendale, AZ, USA); and A549 cells were cultured in HAM’s/F-12K nutrient mixture
(LM010-03, Welgene). All media were supplemented with 10% heat-inactivated fetal bovine serum (FBS; 35-015-CV, Corning)
and 100 U/mL penicillin-streptomycin (PS; 15140122, Gibco, Grand Island, NY, USA). All cell lines used in this study were routinely
tested for mycoplasma contamination and were confirmed to be negative.

METHOD DETAILS

Cell transfection

Lipofectamine 2000 transfection reagent (52887, Invitrogen, Carlsbad, CA, USA) was used to perform shRNA transfection according
to the manufacturer’s instructions. Human ACE2 shRNA plasmid (TRCN0000046693) produced at the BROAD Institute (Cambridge,
MA, USA) was purchased from Yonsei Genomics Center System Biology Core (Yonsei University, Seoul, South Korea).

SARS-CoV-2 virus production and titration

All experiments involving SARS-CoV-2 were conducted in a BSL-3 facility in accordance with the institutional guidelines. SARS-CoV-
2 B.1.351 strain BetaCoV/Korea/KCDC03/2020 NCCP43326 was obtained from the National Culture Collection for Pathogens
(NCCP), Korea Disease Control and Preventive Agency (KDCA, Osong, South Korea). The virus was propagated in Vero E6 cells
and titrated using a plaque assay before all experiments.
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Virus infection

BALB/c mice were randomly divided into four groups (four mice/group). The treatment group mice were intranasally infected with
2 x 10° plaque-forming units (PFUs) of the SARS-CoV-2 B.1.351 strain, with or without HMGB1, and the control group was admin-
istered PBS. A total volume of 50 pL was administered intranasally under isoflurane anesthesia. Body weight was measured twice:
before infection and at sacrifice. All groups were euthanized with CO, at 24- or 48-h post-infection (hpi) to collect the lungs and tra-
chea for plaque assays and IHC analyses. The left lung lobes were fixed in 4% paraformaldehyde and embedded in paraffin blocks to
prepare formalin-fixed, paraffin-embedded (FFPE) slices.

For cell infection, A549 or NCI-H1975 cells were seeded at a density of 1.8 x 10° cells per well in 12-well plates and allowed to
adhere overnight at 37°C. SARS-CoV-2 at a multiplicity of infection (MOI) of 1 was preincubated with HMGB1 at various concentra-
tions (2, 20 pg/mL) for 1 h at 37°C. Cells were then infected with SARS-CoV-2 (control or pre-incubated) for 1 h at 37°C in serum-free
media, with gentle rocking every 15 min, followed by removal of the virus and brief washing with warm Dulbecco’s phosphate-buff-
ered saline (DPBS; LB001-02; Welgene). Fresh medium containing 10% FBS was added, and the cells were cultured for an additional
3 h unless otherwise specified, at 37°C before being harvested for western blotting and viral RNA quantification. 40 pg/mL sRAGE
(11629-HCCH, Sino Biological, Oklahoma City, OK, USA), azeliragon (S6415, Selleckchem, Houston, TX, USA), dynasore (D7693,
Sigma-Aldrich, St. Louis, MO, USA) and chloroquine (C6628, Sigma-Aldrich) were pretreated for 2 h at 37°C, prior to the infection
procedure. For pretreatment with HMGB1, cells were incubated with 20 pg/mL HMGB1 for 1 h, followed by thorough washing
with DPBS prior to infection with SARS-CoV-2.

Recombinant proteins

HMGB1 recombinant protein was expressed with vectors,®* extracted and purified as previously described.'® 6 x His-tagged
HMGB1-WT, HMGB1-A box (aa 1-79), HMGB1-B box (aa 89-162), and HMGB1-AC (aa 1-186) proteins were produced in Escher-
ichia coli (E. coli) SoluBL21. Transformed SoluBL21 E. coli was treated with 0.5 mM isopropyl 1-thio-p-d-galactopyranoside (IPTG)
and incubated for 18 h at 37°C. The recombinant proteins were purified using Ni?*-NTA and heparin columns, followed by gel filtration
chromatography. Endotoxin detoxification was performed using the Triton X-114 method and verified using the Limulus amebocyte
lysate (LAL) test. Recombinant human ACE2 protein was purchased (SAE0064, Sigma-Aldrich), and SARS-CoV-2 spike protein and
S1 subunit were a gift from Professor Hyun Soo Cho at Yonsei University, Seoul, South Korea.

SDS-PAGE and western blot analysis

Cells were washed twice with DPBS, collected via centrifugation at 7,000 rpm for 5 min at 4°C, and lysed in RIPA buffer supplemented
with a protease inhibitor cocktail (R4100-010, P3100, GenDEPOT, Baker, TX, USA) for 1 h with vigorous vortexing. Quantified sam-
ples in reducing sample buffer (100 mM Tris-HCI pH 6.8, 2% SDS, 25% glycerol, 0.1% bromophenol blue, and 5% (-mercaptoetha-
nol) were separated via SDS-PAGE, transferred onto a nitrocellulose (NC) membrane (10600001, Cytiva, Wilmington, DE, USA), and
blocked with 5% skim milk in Tris-buffered saline (TBS) containing 0.1% Tween 20 (TBST). The NC membranes were then incubated
overnight at 4°C with primary antibodies. Antibodies against SARS-CoV-2 nucleocapsid (SARS-CoV-2 NP; 40143-R001, Sino Bio-
logical), ACE2 (21115-1 AP, Proteintech, St. Louis, MO, USA), RAGE (sc-365154, Santa Cruz, Dallas, TX, USA), TMPRSS2
(sc-515727, Santa Cruz), TLR4 (MA5-16216, Invitrogen), 6x His (ab9108; Abcam, Cambridge, UK), EEA1 (3288S, CST, Danvers,
MA, USA), and GAPDH (LF-PA0212, Abfrontier, Seoul, South Korea/A19056, Abclonal, Woburn, MA, USA) were used at dilutions
of 1:2,000-3,000. After incubation, the membranes were washed with 0.1% TBST and incubated for 1 h at room temperature (RT)
with horseradish peroxidase (HRP)-conjugated secondary antibodies (111-035-003, 115-035-003, Jackson Immunoresearch,
West Grove, PA, USA) at a dilution of 1:3,000. West-Q Pico ECL Solution (W3652-020, GenDEPQOT) was used to visualize the mem-
branes with ImageQuant 800 (LAS). Membrane stripping was performed using stripping buffer (BWS-0500; Biomax, Guri-si, South
Korea).

Quantitative PCR

The level of viral replication was assessed using quantitative reverse transcription PCR (QRT-PCR). RNA was extracted using TRIzol
(15596018, Thermo Fisher Scientific, Waltham, MA, USA). cDNA was synthesized using cDNA EcoDry Premix (639543, Takara Bio,
San Jose, CA, USA) and subjected to qRT-PCR using Power SYBR Green Master Mix (4367659, Thermo Fisher Scientific). Reactions
were performed in triplicate using the following primer sequences: RdRp SARS-CoV-2 5'-GTGARATGGTCATGTGTGGCGG-3’ and
5'-CARATGTTAAASACACTATTAGCATA-3’ (Macrogen, Seoul, South Korea); GAPDH, 5'-TCT-TCTTGGGCTACACTGAGGAC-3' and
5-TGTTGCTGTAGCCGTATTCA-3'. Amplification and quantitation were performed on the QuantStudio Real-Time PCR System
(Applied Biosystems). GAPDH mRNA levels were used to correct and convert the Ct values to relative RNA levels.

In vitro immunoprecipitation

For immunoprecipitation, recombinant proteins were incubated for 1 h at 37°C. Simultaneously, Dynabeads protein G magnetic
beads (10004D, Invitrogen) were incubated with an anti-SARS-CoV-2 spike antibody (GTX632604, GeneTex, San Antonio, TX,
USA) for 1 h at RT. The antibody-bound beads were then incubated overnight at 4°C with the S1 subunit of SARS-CoV-2 spike protein
and HMGB1-WT, -A box, -B box, and -AC. Following incubation, the beads were thoroughly washed with PBS containing 0.05%
Tween 20 (PBST) and subsequently eluted with a reducing protein sample buffer for SDS-PAGE analysis.
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Surface plasmon resonance

Direct binding of HMGB1 domains to the spike protein was analyzed using Biacore T200 (Cytiva). For this, a CM5 dextran sensor chip
was used to immobilize spike protein at 10 pg/mL in 10 mM sodium acetate buffer (pH 4.0). To derive Riigang values, a coupling pro-
cess was performed based on the molecular weights of the spike (MW ligand) and HMGB1 domains (MW analyte). MW analyte was
diluted in HBS-EP buffer (10 mM HEPES, 150 mM NaCl, 3.4 mM EDTA, 0.05% Tween 20, pH 7.4) and passed over the sensor chip at
a flow rate of 20 uL/min for 3 min. Sensorgrams were recorded and analyzed in real-time using the control software on a Biacore T200
system. All data were processed using the Biacore Evaluation Software (Cytiva).

Confocal microscopy

A549 or NCI-H1975 cells were seeded (6.0 x 10* and 3.0 x 10%) onto 4-chamber and 8-chamber slides, respectively, and allowed to
adhere overnight before treatment or infection. After infection, the cells were fixed with 4% paraformaldehyde for 30 min at RT and
permeabilized with 1% Triton X-100 for 10 min at RT, followed by blocking with 1% BSA in PBST for 1 h at 37°C. The cells were incu-
bated overnight at 4°C with antibodies against SARS-CoV-2 NP (40143-R001/40143-MM08, Sino Biological), SARS-CoV-2 spike
(GTX632604, GeneTex), LAMP1 (ab24170, Abcam), and 6x His (ab9108, Abcam). Cells were then washed and incubated with the
secondary antibodies tagged with Alexa Fluor 594 (A11005/A11012, Invitrogen) or Alexa Fluor 488 (A11008/A11001, Invitrogen)
for 45 min at 37°C. DAPI (Vector Laboratories, Burlingame, CA, USA) was added, and the images were analyzed using a confocal
microscope (LSM 780, 980, ZEISS, Oberkochen, Germany).

Immunofluorescence staining

SARS-CoV-2 internalization was observed using a previously described assay.“° Briefly, 6.0 x 10* NCI-H1975 cells were seeded onto
4-chamber slides and allowed to adhere overnight before treatment or infection. After infection, the cells were fixed with 4% para-
formaldehyde, blocked with 1% BSA in PBST, and sequentially stained with an antibody against SARS-CoV-2 NP (40143-R001, Sino
Biological) and an Alexa Fluor 488-conjugated secondary antibody (A11008, Invitrogen). On the next day, the cells were permeabi-
lized with 1% Triton X-100, followed by repeated staining with the SARS-CoV-2 NP antibody (40143-R001, Sino Biological) overnight
and then with an Alexa Fluor 594-conjugated antibody (A11005, Invitrogen). DAPI (Vector Laboratories) was added, and the images
were analyzed using a confocal microscope (LSM 780, ZEISS). The percentage of intracellular spots was determined by counting four
individual images with at least 200 visible cells. The Imaged software was used to process the images and quantify the internalized
red spots.

Visualization of SARS-CoV-2-HMGB1 complex was performed using an adapted assay.®® NCI-H1975 cells were infected with
SARS-CoV-2, and supernatants were collected at 72 hpi. Crosslinking was done by adding 2 mM BS3 (S5799, Sigma-Aldrich) to
the supernatants, followed by concentration using Amicon Ultra Centrifugal Filters (10 kDa MWCO; UFC5010, Sigma-Aldrich).
The concentrated supernatants were incubated on anti-SARS-CoV-2 spike antibody (GTX632604, GeneTex)-coated coverglasses
for 2 h at 37°C. After incubation and washing, immunofluorescence staining was performed as described above, using antibody
against HMGB1 (ab18256, Abcam) and Alexa Fluor 488-conjugated secondary antibody (A11008, Invitrogen). Samples were
analyzed by confocal microscopy (LSM 780, ZEISS).

Proximity ligation assay (PLA)

PLA was performed using the Duolink in situ fluorescence kit (DU092101; Sigma-Aldrich). A total of 6.0 x 10* NCI-H1975 cells were
seeded onto 4-chamber slides and pretreated with 30 uM dynasore before viral infection. After fixation and permeabilization, the cells
were blocked with the blocking solution provided in the kit, followed by incubation overnight at 4°C with antibodies against EEA1
(3288S, CST) and SARS-CoV-2 spike (GTX632604, GeneTex), diluted in antibody diluent. Next, the cells were washed and incubated
with the PLA probe mixture for 1 h and with the ligation solution for 30 min at 37°C. After a brief wash under gentle agitation, the cells
were incubated in the amplification-polymerase solution for 100 min at 37°C. After a final round of washing, the cells were mounted
with DAPI for imaging using a confocal microscope (LSM 980, ZEISS).

Pseudovirus assays

An MLV-based SARS-CoV-2 spike protein (S)-pseudotyped retrovirus (SARS2pp) was used in this study. For the virus internalization
assay, NCI-H1975 cells were seeded at a density of 1 x 10° cells. SARS2pp was preincubated with HMGB1 in the presence or
absence of 40 pg/mL sRAGE for 1 h at 37°C before transduction in serum-free RPMI 1640 medium. The culture medium was
exchanged with 10% FBS-RPMI 1640 after 24 h of transduction, and the cells were further incubated for 48 h at 37°C. Cells were
lysed directly with Glo Lysis Buffer (E2661, Promega, Madison, WI, USA) for the luciferase assay using Nano-Glo Luciferase Assay
System (N1110, Promega).

Flow cytometry analysis

A549, NCI-H1975, and Vero E6 cells were subjected to live cell surface staining. Cells were gently washed twice with PBS and re-
suspended in ice-cold 5% FBS-PBS followed by blocking in 0.5% BSA 2% FBS-PBS at 4°C. The cells were then incubated with an
antibody against ACE2 (MAB9331, R&D Systems, Minneapolis, MN, USA) in 5% FBS-PBS for 30 min at 4°C in the dark, followed by
washing. A secondary antibody conjugated with Alexa Fluor 488 was added, and the cells were incubated for 30 min at 4°C in the
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dark. Cells were then resuspended in 5% FBS-PBS and transferred into polystyrene round-bottom Falcon tubes with a strainer cap
before analysis on a BD FACS Verse Il system (BD, Franklin Lakes, NJ, USA).

IHC

FFPE lung and tracheal sections were deparaffinized for IHC analysis through a series of xylene and ethanol washes, followed by a
brief rinse in distilled water. Antigen retrieval was performed by heating the slides at 95°C for 20 min in pH 6.0 FLEX target retrieval
solution (k8005, Dako, Carpinteria, CA, USA) for SARS-CoV-2 NP and HMGB1 and in pH 9.0 buffer for RAGE and ACE2. Slides were
incubated with 3% hydrogen peroxide (H,O,; 3059, Duksan, Ansan-si, South Korea) for 10 min to block endogenous peroxidase
activity. Primary antibodies against SARS-CoV-2 NP (40143-MMO08, Sino Biological), ACE2 (21115-1 AP, Proteintech), RAGE (sc-
365154, Santa Cruz), and HMGB1 (ab18256, Abcam) were applied at dilutions of 1:500-1,000 for 1 h at RT. Mouse or rabbit Envision
Plus system-HRP-labeled polymer (k4003/k4001, DAKO) secondary antibodies were used. After development with DAB (k3468,
DAKO) for 5 min, the slides were counterstained with hematoxylin, dehydrated using ethanol and xylene, and mounted for scanning.

Plaque-forming assay

For the plaque-forming assay, 3 x 10° Vero E6 cells were seeded onto 12-well plates and allowed to adhere overnight. The medium
was removed, and the cells were washed with DPBS. The right lobes of the lungs from infected mice were weighed and lysed with
metal beads to obtain viral suspensions. A 200 pL aliquot of these suspensions was diluted 10-fold and applied to each well to initiate
infection. The cells were incubated for 1 h at 37°C, with gentle rocking every 15 min. After incubation, the supernatants were removed,
and a 1:1 mixture of 2x DMEM and 2% low-melting-point agar solution was added to each well, which is a critical step for viral immo-
bilization. The cells with agar overlay were incubated for an additional 2-4 days, which was the optimal period for the development of
detectable viral plagues. Once the plaques formed, the cells were stained with a 0.5% crystal violet solution in 20% methanol. Quan-
titative analysis of viral infectivity was performed by counting the plagues in each well and calculating the PFU per gram of lung tissue.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as mean + standard error of mean (SEM) of at least three individual measures (n > 2), unless otherwise stated.
Variable n denotes the number of biologically independent experiments. Confocal images were analyzed using the ImageJ software
(NIH). Statistical significance was determined using one-way analysis of variance with Tukey’s multiple comparison test, and Stu-
dent’s unpaired t-test was used for comparisons between two groups. The tests were performed using GraphPad Prism 10 software,
with *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001 considered to indicate statistical significance. Details of statistical analyses
and statistical significance are included in the corresponding figure legends.
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