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replication and inflammation in airway

epithelial cells

Li Du®?, Mohamed S. Bouzidi'-?, Akshay Gala'-?, Fred Deiter®*, Jean-Noél Billaud®,
Stephen T. Yeung®, Prerna Dabral’-?, Jing Jin'+2, Graham Simmons?®-2, Zain Y. Dossani®-?,
Toshiro Niki’, Lishomwa C. Ndhlovu®, John R. Greenland?-*, and Satish K. Pillai’»%*

1 Vitalant Research Institute, San Francisco, CA 94105, USA

2 Department of Laboratory Medicine, University of California, San Francisco, CA 94143-0134, USA
3 Department of Medicine, University of California, San Francisco, CA 94143-0410, USA

‘4 Veterans Affairs Health Care System, San Francisco, CA 94121, USA
> QIAGEN Digital Insights, Redwood City, CA 94063, USA

6 Division of Infectious Diseases, Department of Medicine, Weill Cornell Medicine, New York, NY 10021, USA

7 Department of Inmunology, Kagawa University, Kagawa 760-0016, Japan
* Correspondence to: Satish K. Pillai, E-mail: satish.pillai@ucsf.edu

Edited by Bing Su

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has caused a global economic and health crisis.
Recently, plasma levels of galectin-9 (Gal-9), a B-galactoside-binding lectin involved in immune regulation and viral immunopatho-
genesis, were reported to be elevated in the setting of severe COVID-19 disease. However, the impact of Gal-9 on SARS-CoV-2
infection and immunopathology remained to be elucidated. In this study, we demonstrate that Gal-9 treatment potently enhances
SARS-CoV-2 replication in human airway epithelial cells (AECs), including immortalized AECs and primary AECs cultured at the
air-liquid interface. Gal-9-glycan interactions promote SARS-CoV-2 attachment and entry into AECs in an angiotensin-converting
enzyme 2 (ACE2)-dependent manner, enhancing the binding of the viral spike protein to ACE2. Transcriptomic analysis revealed
that Gal-9 and SARS-CoV-2 infection synergistically induced the expression of key pro-inflammatory programs in AECs, including
the IL-6, IL-8, IL-17, EIF2, and TNF« signaling pathways. Our findings suggest that manipulation of Gal-9 should be explored as a

therapeutic strategy for SARS-CoV-2 infection.
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Introduction

The first known case of coronavirus disease 2019
(COVID-19), caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection, was reported in December
2019. Rapidly, COVID-19 cases were reported worldwide. To
date, SARS-CoV-2 has accounted for >620 million infections
and >6.5 million deaths worldwide (Dong et al., 2020).
The rapid spread of SARS-CoV-2 continues to have a major
impact on global health and the economy. COVID-19 is mainly
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characterized by pneumonia, including fever, cough, and chest
discomfort, and in severe cases, dyspnea and lung infiltration
(Hu et al., 2021).

The major cause of death in COVID-19 cases is acute respira-
tory distress syndrome accompanied by a cytokine storm (Hojyo
etal., 2020). Several reports have identified specific circulating
proteins and cytokines in blood plasma that are elevated in
the setting of COVID-19 and may constitute clinically useful
disease biomarkers (Del Valle et al., 2020; Han et al., 2020).
One such specific protein is galectin-9 (Gal-9). Recent studies
have revealed that plasma Gal-9 levels are elevated in COVID-19
patients and are positively correlated with COVID-19 severity
(Bai et al., 2021; Bozorgmehr et al., 2021; Chen et al., 2021;
Patel et al., 2021). Furthermore, plasma levels of Gal-9 during
COVID-19 were positively correlated with that of key
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pro-inflammatory cytokines, including interleukin 6 (IL-6),
interferon gamma-induced protein 10, and tumor necrosis
factor alpha (TNFa; Bozorgmehr et al.,, 2021). However, the
mechanism linking Gal-9 to severe COVID-19 disease remains
to be elucidated.

Gal-9, encoded by the LGALS9 gene, belongs to the
galectin family, which includes 15 carbohydrate-binding
proteins sharing a common carbohydrate-recognition domain
(CRD; Miyanishi et al., 2007). Conserved CRDs can bind to
B-galactoside-containing glycans (Miyanishi et al., 2007). Many
members of the galectin family, including Gal-9, are able to
recognize poly-N-acetyllactosamine (poly-LacNAc) structures
occurring in both N- and O-linked glycans (Lujan et al., 2018).
Gal-9 is known for its regulation of immune responses and
viral pathogenesis through glycan-mediated recognition. It
is ubiquitously expressed in different tissues and cells in
humans (e.g. endothelial cells, T lymphocytes, dendritic cells,
macrophages, and intestinal epithelial cells) and is localized
in the extracellular matrix, surface, cytoplasm, and nucleus of
cells (Shahbaz et al., 2020). Circulating levels of Gal-9 serve
as sensitive and non-invasive biomarkers in a broad range of
conditions, including cancer, autoimmunity, and infectious
diseases, and the roles of Gal-9 vary with respect to cell type
and disease state (Moar and Tandon, 2021). For example, Gal-9
suppresses antigen-specific CD8" T cell effector functions via
the interaction with its receptor, TIM-3 (Sehrawat et al., 2010),
and the Gal-9/TIM-3 axis promotes tumor survival through the
cross-talk with the PD-1 immune checkpoint (Yang et al., 2021).
The functions of Gal-9 in the inflammatory response have been
studied extensively. Gal-9 enhances cytokine secretion in the
human mast cell line (Kojima et al., 2014) and potentiates the
secretion of pro-inflammatory cytokines in inflammatory models
of arthritis via the interaction with TIM-3 (Anderson et al., 2007).
In specific relevance to viral pathogenesis, Gal-9 can bind to
glycan structures expressed on the surface of both host cells and
microorganisms to modulate antiviral immunity and to promote
or inhibit viral infection and replication (Machala et al., 2019).
Gal-9 has been demonstrated to inhibit human cytomegalovirus
infection by its CRDs (Machala et al., 2019). In hepatitis C
virus (HCV)-infected individuals, virus infection induces Gal-9
secretion, which in turn induces pro-inflammatory cytokines
leading to depletion of CD4™ T cells, apoptosis of HCV-specific
cytotoxic T cells, and expansion of regulatory T cells (Zhuo
et al.,, 2017). Gal-9 is elevated in human immunodeficiency
virus-1 (HIV-1)-infected individuals (Abdel-Mohsen et al., 2016;
Premeaux et al., 2019), mediates HIV-1 transcription and
reactivation (Abdel-Mohsen et al., 2016; Sanz et al., 2021),
and potentiates HIV-1 infection by regulating the T cell surface
redox environment (Bi et al., 2011). These previous reports
provide compelling evidence of the diverse roles of Gal-9 in viral
infection and virus-associated immunopathology.

To date, a causal role of Gal-9 in SARS-CoV-2 pathology has
not been demonstrated. To address this gap, we investigated
the effects of Gal-9 treatment on SARS-CoV-2 replication and
pro-inflammatory signaling in immortalized and primary human

airway epithelial cells (AECs). Our data show that Gal-9 facil-
itates SARS-CoV-2 replication and promotes virus-associated
immunopathology in the human airway, motivating exploration
into Gal-9 manipulation as a therapeutic strategy for COVID-19
disease.

Results
Gal-9 potently enhances SARS-CoV-2 replication in Calu-3 cells
To investigate the impact of Gal-9 on SARS-CoV-2 infection, we
first determined the natural expression of Gal-9 in human AECs
with orwithout SARS-CoV-2 infection. In line with the undetected
Gal-9 protein expression in alveolar epithelial cells (Lindskog,
2016), the mean Gal-9 level in the culture medium or on the
cell surface of Calu-3 cells and primary AECs was negligible
(Supplementary Figure S1). Moreover, the Gal-9 level was
unaffected by SARS-CoV-2 infection (Supplementary Figure S1),
implying that the elevated plasma Gal-9 level observed in
COVID-19 patients is derived from other cell sources. Therefore,
we used a stable form of recombinant Gal-9 in human AECs
to mimic endogenously produced Gal-9. To optimize dosing
for in vitro experiments, we relied on previously published
Gal-9 concentrations in COVID-19 patients and the determined
cytotoxicity of the recombinant Gal-9. The mean plasma Gal-9
concentration in COVID-19 patients was 2250 ng/ml, compared
to 450 ng/ml in healthy controls (Iwasaki-Hozumi et al., 2021),
and Gal-9 expression is significantly higherin pulmonary tissues
than in plasma (Matsumoto et al., 2013). The 50% cytotoxic
concentration (CCsp) value for Gal-9 in Calu-3 cells was 597 nM
(19700 ng/ml) as determined by the MTT assay (Figure 1A).
Based on these criteria, we chose to test the effects of Gal-9
on SARS-CoV-2 replication at 50 nM (1650 ng/ml), 100 nM
(3295 ng/ml), and 250 nM (8235 ng/ml) concentrations.
Calu-3 cells were pre-treated with Gal-9 for 6 h before viral
infection (MOl = 0.01), and Gal-9 was maintained in the
medium until 24 h following infection. SARS-CoV-2 infection,
as measured by the quantitation of viral nucleocapsid (V) gene
expression, was increased significantly by treatment with Gal-9
in a dose-dependent manner (P < 0.0001), with up to 27-fold
induction at the highest concentration of Gal-9 (Figure 1B).
Similarly, the release of infectious virus in the supernatant
was enhanced significantly by Gal-9 in a dose-dependent
manner (P < 0.05), as measured by the median tissue culture
infectious dose (TCIDso) (Figure 1C). The enhancement of virus
production by Gal-9 was confirmed by specific staining of viral N
protein using the immunofluorescence assay (Figure 1D and E).
Taken together, these data demonstrate that Gal-9 increases
SARS-CoV-2 viral production in susceptible Calu-3 cells.

Gal-9 enhances SARS-CoV-2 entry in an ACE2-dependent
manner

To investigate the stage of the virus replication
cycle impacted by Gal-9, we treated Calu-3 cells with
Gal-9 at a concentration of 250 nM, chosen based on our
toxicity and dose-response analyses. Calu-3 cells were treated
with Gal-9 before or after virus infection. The protocols are
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Figure1 Gal-9increases virus production in SARS-CoV-2-infected Calu-3 cells. (A) Cellular toxicity was examined in Calu-3 cells using the MTT
assay and expressed as relative cell viability compared to Gal-9-untreated control (set at 100%). The logCCs, value for Gal-9 is displayed. The
red arrows represent 250 nM and the CCsq value (597 nM) of Gal-9, respectively. (B—E) Calu-3 cells were pre-treated with Gal-9 at the indicated
concentrations for 6 h, followed by infection with SARS-CoV-2 (MOl = 0.01) for 24 h in the presence of Gal-9. (B) Cells were then collected
for RNA isolation. The effect of Gal-9 on viral N gene expression was measured by RT-gPCR. (C) Infectious virus release in the supernatant
was measured using TCIDsq. (D) Immunofluorescence staining of these cells with DAPI (blue) and anti-N antibody (green). Scale bar, 500 um.
(E) Percentage of SARS-CoV-2-infected cells in total Calu-3 cells. Data are representative of the results of three independent experiments
(mean £ SEM). Statistical significance was analyzed by the t-test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

illustrated in Supplementary Figure S2A. Gal-9-mediated
enhancement of virus production was significantly higher in
cells with pre-infection Gal-9 treatment than in cells with post-
infection treatment (P < 0.05) (Supplementary Figure S2B).
These results suggest that Gal-9 likely impacts the early stage
of the SARS-CoV-2 viral life cycle.

To determine whether Gal-9 affects SARS-CoV-2 viral entry, we
first examined the cell-surface attachment of SARS-CoV-2. Cells
were incubated with SARS-CoV-2 at 4°C for 2 h, and attached
SARS-CoV-2 viral particles were detected after washing the cells
three times. Gal-9 induced a substantial, highly significant
(P < 0.0001), and dose-dependent increase in SARS-CoV-2
cell-surface attachment (Figure 2A). We next determined
the capacity of Gal-9 to affect the entry of VSV-SARS-CoV-2
spike-AG-luciferase reporter pseudovirus (hereafter referred
to as SARS-2-S) into Calu-3 cells. Positive serum (P serum),
which was predetermined to possess SARS-CoV-2 neutralizing
activity, potently reduced SARS-2-S infection (P < 0.01) but
did not suppress the infection of VSV-spike G glycoprotein-
luciferase reporter pseudovirus (hereafter referred to as VSV-G)
(Figure 2B). Gal-9 markedly enhanced SARS-2-S infection in

a dose-dependent manner in Calu-3 cells that endogenously
express angiotensin-converting enzyme 2 (ACE2) and TMPRSS2
(P < 0.01) (Figure 2B), indicating that Gal-9 can potentiate
SARS-CoV-2 attachment and entry. Unexpectedly, the entry
of VSV-G was also significantly enhanced by Gal-9 treatment
(P < 0.0001), suggesting that this pro-viral activity may be
generalizable to other viral taxa.

ACE2 has been identified as the critical receptor for SARS-
CoV-2 binding and entry (Zamorano Cuervo and Grandvaux,
2020). To explore whether Gal-9-promoted virus entry depends
on ACE2 binding, we treated cells with an anti-ACE2 antibody
that competitively binds to the receptor. As expected, the
anti-ACE2 antibody blocked SARS-2-S, but not VSV-G, entry
in a dose-dependent manner (P < 0.05) (Figure 2C) and also
blocked Gal-9-enhanced SARS-2-S infection (P < 0.01) (Figure
2D), indicating that Gal-9 facilitates SARS-CoV-2 entry in an
ACE2-dependent manner.

We then investigated the potential mechanisms underlying
the Gal-9-mediated enhancement of SARS-CoV-2 viral entry.
SARS-CoV-2 can use the endosomal cysteine proteases
cathepsin B and L (CatB/L) and the serine protease TMPRSS2
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Figure 2 Gal-9 facilitates the cell-surface attachment and entry of SARS-CoV-2. (A) Attached SARS-CoV-2 virions on the cell surface were
detected by RT-qPCR. Calu-3 cells were pre-treated with Gal-9 for 1 h and then incubated with SARS-CoV-2 (MOl = 0.01) in solutions with
or without Gal-9 at the indicated concentrations at 4°C for 2 h. Cells were washed three times with PBS and harvested for RNA isolation and
RT-gPCR measurement of SARS-CoV-2 N gene expression. (B) Calu-3 cells were exposed to Gal-9 for 6 h and then infected with SARS-2-S
pseudotyped virus or VSV-G pseudotyped virus in solutions containing Gal-9 at the indicated concentrations. Pseudotyped viral entry
was analyzed by luciferase activity at 24 hpi. Positive serum predetermined to possess anti-SARS-CoV-2 neutralizing activity was used as
a negative control. Luciferase signals obtained in the absence of Gal-9 were used for normalization. (C) Relative infectivity of SARS-2-S
pseudotyped virus and VSV-G pseudotyped virus in Calu-3 cells treated with anti-ACE2 antibody at the indicated concentrations. (D) Calu-3
cells were pre-treated with Gal-9 for 6 h and then pre-incubated with anti-ACE2 or control antibody (25 wg/ml) for 1 h, and cells were inoculated
with SARS-2-S pseudotyped or VSV-G pseudotyped virus in solutions containing Gal-9 at the indicated concentrations. At 24 hpi, pseudotyped
viral entry was analyzed by luciferase activity. Luciferase signals obtained in the absence of both Gal-9 and anti-ACE2 antibodies were used for

normalization. Data are representative of the results of three independent experiments (mean + SEM). Statistical significance was analyzed
by the t-test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

to prime entry (Jackson et al., 2022). Only TMPRSS2 activity is the binding between ACE2 and spike (P < 0.05) (Figure 30),
essential for viral spread and pathogenesis in the infected indicating that Gal-9 facilitates virus entry and viral replication
host, whereas CatB/L activity is dispensable. In Calu-3 by strengthening ACE2 and spike interaction.

cells that express ACE2 and TMPRSS2 (Figure 3A), SARS-

CoV-2 entry was demonstrated to be primed by TMPRSS2 Gal-9-mediated enhancement of SARS-CoV-2 entry is
(Hoffmann et al., 2020). However, Gal-9 exhibited no effects on glycan-dependent

ACE2 and TMPRSS2 expression on Calu-3 cell surface (Figure To explore the impact of Gal-9-glycan interactions on SARS-
3B), suggesting that Gal-9 facilitates virus entry independently CoV-2 infection, we first determined whether Gal-9-enhanced
of ACE2 or TMPRSS2 induction. We also investigated the SARS-CoV-2 entry was dependent on CRD activity, by using lac-
direct impact of Gal-9 on the interaction between the tose, a competitive inhibitor of galectin carbohydrate-binding
SARS-CoV-2 spike protein and the ACE2 entry receptor, activity (Giovannone et al.,, 2018). Our data demonstrated
using purified spike and ACE2 proteins with an established that lactose treatment significantly abrogated Gal-9-mediated
sandwich enzyme-linked immunosorbent assay (ELISA) SARS-CoV-2 entry in a dose-dependent manner (P < 0.001)
protocol (Sama et al.,, 2020). Gal-9 significantly enhanced (Figure 4A). We then deglycosylated Calu-3 target cells using
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Figure 3 Gal-9 enhances the binding of SARS-CoV-2 spike to ACE2 without affecting ACE2 and TMPRSS2 cell-surface expression.
(A) Representative plot describing the protein levels of ACE2 and TMPRSS2 on the surface of Calu-3 cells treated with Gal-9. Calu-3 cells
were treated with Gal-9 at the indicated concentrations for 24 h. Cells were then washed and detached before antibody staining for flow
cytometry. (B) Percentage of cells expressing ACE2 or TMPRSS?2 on the cell surface was determined by flow cytometry. (C) The dose-course of
SARS-CoV-2 spike—ACE2 binding activity was measured by reading the absorbance at 450 nm. Data are representative of the results of three
independent experiments (mean £+ SEM). Statistical significance was analyzed by the t-test. *P < 0.05.

kifunensine treatment (Elbein et al., 1990). Kifunensine inhibits
mannosidase | enzymatic activity within the cell, preventing hy-
brid and complex N-linked glycosylation of synthesized proteins.
Loss of host complex N-glycans led to significant inhibition of
Gal-9-enhanced SARS-CoV-2 entry (P < 0.01) (Figure 4B). We
next investigated the effect of galectin—glycan interactions on
the binding between the viral spike protein and ACE2, using
PNGase Fexposure to chemically remove N-glycans from purified
spike or ACE2 glycoprotein (Huang et al., 2021). PNGase F treat-
ment of spike or ACE2 inhibited the effect of Gal-9 on the binding
between these two factors (P < 0.001) (Figure 4C and D), in-
dicating that galectin—glycan interactions facilitate viral attach-
ment. Collectively, these data demonstrate that Gal-9 promotes
SARS-CoV-2 attachment and entry into host cells in a glycan-
dependent manner.

Gal-9 promotes SARS-CoV-2-associated expression of
pro-inflammatory cytokines

We next evaluated the temporal characteristics of Gal-9-
mediated enhancement of SARS-CoV-2 replication. Our growth

curves are compatible with the concept that Gal-9 facilitates
SARS-CoV-2 entry, as the expression of the viral N gene was
significantly increased within 1-3h post-infection (hpi) in
Calu-3 cells compared to untreated controls (P < 0.0001)
(Figure 5A). Maximum viral yields were detected at 36 hpi
with Gal-9 treatment and 48 hpi without Gal-9 treatment, re-
spectively. In accordance with the viral growth kinetic data,
microscopy images showed that virus-mediated cytopathic ef-
fects (CPE) were much more pronounced in infected cultures
treated with Gal-9 at both 36 and 72 hpi than in infected,
but untreated cultures (Figure 5B). The enhancement of virus
production by Gal-9 over time was also evaluated by TCIDsq in
the supernatant at various time points (Figure 5C). Enhanced
release of infectious virus in the presence of Gal-9 was ob-
served as early as 9 hpi (P < 0.05), reflecting the effect of
Gal-9 on the early stages of the viral life cycle. Collectively, these
results reinforce the concept that Gal-9 promotes SARS-CoV-2
viral production through enhancing virus entry.

The hostinflammatory response drives much of the pathology,
morbidity, and mortality associated with SARS-CoV-2 infection
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Figure 4 Gal-9-mediated enhancement of SARS-CoV-2 entry is glycan-dependent. (A and B) The effect of lactose or kifunensine on
Gal-9-enhanced SARS-CoV-2 infection was evaluated by measuring luciferase activity at 24 hpi. (A) Calu-3 cells were pre-treated with
Gal-9 and lactose at the indicated concentrations for 6 h and then inoculated with SARS-2-S pseudotyped virus in solutions containing
Gal-9 and lactose at the indicated concentrations. (B) Calu-3 cells were pre-incubated with kifunensine for 24 h, followed by treatment with
Gal-9 and kifunensine for 6 h, and then inoculated with SARS-2-S pseudotyped virus in solutions containing Gal-9 and kifunensine at the
indicated concentrations. Positive serum predetermined to possess anti-SARS-CoV-2 neutralizing activity was used as a positive control.
Luciferase signals obtained in the absence of Gal-9 and lactose (A) orin the absence of Gal-9 and kifunensine (B), respectively, were used for
normalization. (Cand D) The effect of PNGase F on Gal-9-enhanced binding between spike and ACE2 was measured by reading the absorbance
at 450 nm. ACE2 and spike-coated plates were pre-incubated with PNGase F at 37°C for 16 h. Signals obtained in the absence of Gal-9 and
PNGase F were used for normalization. Data are representative of the results of three independent experiments (mean + SEM). Statistical
significance was analyzed by the t-test. **P < 0.01; ***P < 0.001; ****P < 0.0001.

(Merad and Martin, 2020), and Gal-9 was positively correlated
with pro-inflammatory mediators and disease severity in
COVID-19 patients. Therefore, we sought to determine whether
Gal-9 promotes pro-inflammatory cytokine expression, either
directly or indirectly, via enhancing viral replication. Uninfected
and/or untreated cells were also characterized as a negative
control and reference. In the absence of SARS-CoV-2 infection,
Gal-9 treatment alone induced /L-6, IL-8, and TNFx (all P < 0.05)
gene expression in Calu-3 cells, albeit at modest levels
(Figure 5D-F). In the absence of Gal-9, SARS-CoV-2
infection alone potently induced /-6, I[-8, and TNFx
(@all P < 0.05) gene expression, starting at 24, 36,
and 24 hpi, respectively (Figure 5D-F). In the presence
of Gal-9, SARS-CoV-2 infection significantly induced
IL-6, IL-8, and TNFa (all P < 0.05) gene expression, starting

at 9, 12, and 9 hpi, respectively (Figure 5D—F). Gal-9 treatment
of infected cultures potentiated /L-6 (P < 0.001), IL-8 (P < 0.05),
and TNFfa (P < 0.05) gene expression compared to SARS-CoV-2
infection alone and also significantly increased /L-6, IL-8, and
TNFo (all P < 0.05) gene expression compared to Gal-9 treatment
in the absence of SARS-CoV-2 infection (Figure 5D—F). These
observations were confirmed, in part, at the protein level by
applying a bead-based immunoassay to culture supernatants.
Protein measurements confirmed enhanced IL-6 (P < 0.05) and
IL-8 secretion (P < 0.01) by Gal-9 in the presence of SARS-CoV-2
infection (Supplementary Figure S3A and B). TNFa and IL-17A
secretion were additionally induced by Gal-9 in infected
cells, although not quite achieving statistical significance
(Supplementary Figure S3C and D). Considering that the effects
of Gal-9 on cytokine expression were relatively negligible in
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Figure 5 Gal-9 accelerates and increases SARS-CoV-2-mediated inflammatory response. Calu-3 cells were pre-treated with or without Gal-9

(250 nM) for 6 h and then infected with SARS-CoV-2 (MOl =

0.01) in the presence or absence of Gal-9. (A) Cells were collected at the indicated

times for RNA isolation and RT-gPCR targeting the SARS-CoV-2 N gene. (B) Calu-3 cells were observed for the development of CPE by bright-
field microscopy at 36 and 72 hpi. Scale bar, 500 wM. (C) Viral titer (TCIDso/ml) of supernatant collected at the indicated time points.
(D—F) mRNA levels of pro-inflammatory cytokines /L-6 (D), /L-8 (E), and TNFf« (F) were detected by RT-gPCR at the indicated time points.
‘Heat-inactivated’ indicates cells infected with heat-inactivated (non-infectious) SARS-CoV-2 (negative control). Data are representative of
the results of three independent experiments (mean + SEM). Statistical significance was analyzed by the t-test. *P < 0.05; **P < 0.01;

***P < 0.001; ****P < 0.0001.

the absence of infection, our data indicate that Gal-9 and
SARS-CoV-2 synergistically promote the expression of pro-
inflammatory cytokines in AECs. A formal quantitative analysis
of synergy indeed revealed a synergistic impact of combined
Gal-9 exposure and SARS-CoV-2 infection on /-6 and TNFa
expression in AECs (Supplementary Figure S4).

RNA-seq analysis reveals synergistic effects of Gal-9 and
SARS-CoV-2 on the host transcriptome

To understand the transcriptional impact of Gal-9-mediated
enhancement of SARS-CoV-2 infection and immunopathology,
we performed RNA-seq analysis on Calu-3 cells infected for 24 h
with SARS-CoV-2 in the presence or absence of 250 nM Gal-9.
Uninfected and/or untreated cells were also characterized as a
negative control and reference for the other three experimental
conditions. Differentially expressed gene (DEG) analysis was
performed using a false discovery rate (FDR) cutoff of 0.05. Only
one protein-coding gene (RNU12) was significantly modulated
by SARS-CoV-2 infection alone (FDR = 1.89 x 1077) (Figure 6A),
while 87 genes were significantly modulated by Gal-9
treatment alone (Figure 6B), including 30 down-regulated and
57 up-regulated genes. SARS-Cov-2 infection in the presence of
Gal-9 exhibited a dramatic impact on the host transcriptome,

with 1094 DEGs identified (Figure 60), including 323 down-
regulated and 771 up-regulated genes. Using ingenuity
pathway analysis (IPA), we analyzed the enriched canonical
pathways that overlapped with the DEGs (Figure 6D). Key pro-
inflammatory programs, including IL-17, EIF2, IL-6, IL-8, and
JAK/STAT signaling pathways, were activated in infected cells in
the presence of Gal-9. A detailed interactome depicting Gal-9
and SARS-CoV-2 effects on IL-17 and IL-6 signaling pathway
members is shown in Supplementary Figures S5 and Sé.

DEGs were also categorized with respect to diseases and host
functions, which are listed in Supplementary Figure S7A and B,
demonstrating that the inflammatory response, infectious, in-
flammatory, and immunological disease pathways were acti-
vated in the setting of Gal-9 treatment. Interestingly, pathways
related to respiratory disease and RNA post-transcriptional mod-
ification were specifically activated in cells infected with SARS-
CoV-2 in the presence of Gal-9.

We next leveraged the RNA-seq data to examine the impact
of Gal-9 treatment on SARS-CoV-2 expression, by aligning se-
quencing reads against the USA-WA1/2020 reference genome.
The number of reads mapping to each region of the viral genome
was calculated and interpreted to infer viral expression patterns
(Figure 6E). The transcription of SARS-CoV-2 RNA exhibited an
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Figure 6 Impact of Gal-9 treatment on the transcriptome of SARS-CoV-2-infected Calu-3 cells. (A—C) Volcano plots showing the proportion
of DEGs in the setting of SARS-CoV-2 infection (Control infected vs. Control uninfected) (A), Gal-9 treatment (Gal-9 uninfected vs. Control
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(MOl = 0.01); uninf, uninfected with SARS-CoV-2. (E) Sample coverage tracks from the QIAGEN genome browser depicting SARS-CoV-2
assembly. Sample coverage tracks were obtained by mapping raw sequencing reads to the USA-WA1/2020 reference genome. Mapped
read counts of Control uninfected, Control infected, Gal-9 uninfected, and Gal-9 infected groups are 0-5, 0-21759, 0-9, and 0-273842,
respectively. (F) Normalized mean coverage per targeted region of the SARS-CoV-2 genome. The X-axis represents the relative target region
positions of the SARS-CoV-2 genome. Data were normalized to the total read depth for each sample.

uneven pattern of expression along the genome, typically with
a minimum depth in the first coding regions with open reading
frames 1a and 1b and a maximum depth toward the 3’ end.
This skewing likely reflects the relative abundance of these
sequences due to the nested transcription of SARS-CoV-2 subge-
nomic RNAs. All viral transcript variants include the terminal 3’
genome segment (Cao et al., 2021). Importantly, in accordance
with our reverse transcription quantitative polymerase chain
reaction (RT-gPCR) data, Gal-9 treatment increased the expres-
sion of SARS-CoV-2 RNA, resulting in ~10-fold increase in the
number of sequencing reads mapping to the USA-WA1/2020
reference (Figure 6E and F), maintaining and even amplifying the
observed 3’ skewing of viral transcripts.

Gal-9 enhances SARS-CoV-2 replication and increases TNFx
expression in primary AECs

Finally, we sought to investigate the effects of Gal-9 treat-
ment on SARS-CoV-2 infection and the inflammatory response
in primary human AECs cultured at the air-liquid interface (ALI).
Recent studies have reported that human AECs represent the
primary gateway for SARS-CoV-2 infection on colonization of a
new host (Djidrovski et al., 2021). Rapid viral replication in these
cells leads to the release of pro-inflammatory cytokines, which
causes airway damage and diminishes patient survival. Thus,
our ALl-cultured primary airway epithelial system is useful in
modeling the in vivo effects of Gal-9 on SARS-CoV-2 infection ex
vivo. We pre-treated primary AECs from five healthy donors with
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Figure 7 Gal-9 enhances SARS-CoV-2 replication and SARS-CoV-2-induced inflammatory response in human primary AECs. ALl-cultured
primary epithelial cells were treated with Gal-9 at a concentration of 250 nM for 6 h and then either infected with SARS-CoV-2 lineage P.1
(MOI = 0.1) or heat-inactivated virus (negative control) or left uninfected (mock control). The infection was carried out by exposing the cells
to a solution of Gal-9 (250 nM) in both the apical chamber (250 j.l) and the basal compartment (500 1) of the inserts for a period of 2 h. Cells
were washed and supplemented with fresh medium alone or containing Gal-9 (250 nM). (A) At 36 hpi, cells were collected for RNA isolation
and RT—-gPCR analysis of the SARS-CoV-2 N gene. Each color represents one donor. (B) mRNA levels of pro-inflammatory cytokines IL-6, IL-8,
and TNFa in primary epithelial cells from five different donors. Data represent duplicate experiments for each donor (median). Statistical
significance was analyzed by paired one-tailed Wilcoxon tests. *P < 0.05.

Gal-9 and then infected them with the SARS-CoV-2 Gamma vari-
ant (Pango lineage designation P.1) for 36 h. The Gamma variant
was selected based on our observations that the Gamma variant
infects primary AECs more efficiently than the founder virus
lineage (USA-WA1/2020) (data not shown). Productive infection
was observed in all five donor cultures based on SARS-CoV-2
N gene expression (Figure 7A). Validating our observations in
Calu-3 cells, Gal-9 treatment significantly increased SARS-CoV-2
replication (P < 0.05) by up to 2.6-fold (Figure 7A). We also
assessed pro-inflammatory signatures at 36 hpi by RT-gPCR and
found that SARS-CoV-2 significantly induced TNFx expression
compared to the mock control (P < 0.05) (Figure 7B). The mRNA
levels of IL-6 and /L-8 were not affected by SARS-CoV-2 infection.
Gal-9 treatment significantly increased /L-6 expression level in
the presence of SARS-CoV-2 (P < 0.05), and the induction of
TNFo was observed but failed to achieve statistical significance
(P = 0.055) (Figure 7B). Taken together, our findings in primary
AECs validate and extend our previous observations, confirming
that Gal-9 promotes SARS-CoV-2 replication and associated pro-
inflammatory signaling in the airway epithelium.

Discussion

The elevation of plasma Gal-9 levels in COVID-19 cases and
severe COVID-19 disease has been confirmed in multiple reports
(De Biasi et al., 2020; Bozorgmehr et al., 2021). Here, we lever-
aged a stable form of recombinant Gal-9 as a proxy for endoge-
nously produced Gal-9 and investigated its impact on SARS-
CoV-2 replication and host immune signaling. Our data reveal
that Gal-9 enhances SARS-CoV-2 replication in AECs, including
ALl-cultured human primary AECs, facilitating cellular entry in
a galectin—glycan interaction-dependent manner. Our transcrip-
tomic data show that Gal-9 accelerates and exacerbates several

virus-induced pro-inflammatory programs in AECs. These obser-
vations are highly relevant to the clinical manifestations and
management of COVID-19, suggesting that circulating Gal-9 has
a direct impact on viral infectivity and the cytokine milieu in the
airway epithelium, which constitutes the critical initial site of
SARS-CoV-2 attachment and infection (Mulay et al., 2021). Col-
lectively, our findings complement previous reports highlighting
plasma Gal-9 level as a biomarker of severe COVID-19 disease,
providing a novel molecularand immunologic framework linking
Gal-9 activity to disease pathology (Supplementary Figure S8).
Importantly, our data build on a robust literature featuring Gal-9
as a key host factor regulating viral immunopathogenesis.

We observed potent Gal-9-mediated enhancement of SARS-
CoV-2 cellular entry, using both pseudoviral constructs and
wild-type replication-competent viruses. Previous studies have
demonstrated that Gal-9 promotes HIV entry through re-
taining protein disulfide isomerase on CD4% T cell surface
(Bi et al., 2011). Therefore, we initially hypothesized that Gal-9
promoted SARS-CoV-2 entry by retaining or increasing viral re-
ceptor expression on the cell surface. However, our flow cy-
tometry data revealed no impact of Gal-9 exposure on the cell-
surface expression of ACE2 or TMPRSS2. These data were further
validated by our transcriptomic analysis, which failed to show
any modulation of ACE2 or TMPRSS2 mRNA transcripts by Gal-9.
Studies have indicated roles for Gal-9 in bridging pathogen
glycans to host cell surface glycans to promote target cell at-
tachment (Baum et al., 2014). We, therefore, conducted experi-
ments to determine whether this phenomenon underlies Gal-9-
mediated enhancement of SARS-CoV-2 entry. Our data confirm
the hypothesis that facilitating viral binding and attachment
enhances virus entry. This conclusion was supported by three
pieces of evidence. (i) The attachment of SARS-CoV-2 virions to
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the cell surface is enhanced by Gal-9 through galectin—glycan
interactions. (ii) Gal-9 directly enhances the binding of the viral
spike protein to the ACE2 receptor. (jii) Gal-9 effects on SARS-
CoV-2 growth kinetics reflect the facilitation of an immediate-
early viral life cycle stage. These findings are compatible with a
provocative hypothesis reported by Arciniegas et al. (2021) that
multiple galectins actin concert through N- and O-linked glycans
on the SARS-CoV-2 spike to form a galectin—glycan lattice on
the virion surface, promoting viral attachment and penetration.
Lujan et al. (2022) have recently shown that galectins, includ-
ing Gal-1, Gal-3, and Gal-9, can promote cell-surface binding,
internalization, and cell invasion of many sexually transmitted
pathogens, including bacteria, parasites, and viruses. This en-
hancement is mediated by bridging the pathogen surface and
receptors on host tissues in a glycosylation-dependent manner
(Lujan et al., 2022). Our data further reveal that the cellular
entry of VSV-G, like SARS-CoV-2, is enhanced by Gal-9 exposure,
suggesting that entry enhancement of multiple viral taxa could
be mediated by galectin—glycan lattice interactions.
Accumulating evidence suggests that fatal COVID-19 is char-
acterized by a profound cytokine storm (Fajgenbaum and June,
2021). The overproduction of pro-inflammatory cytokines, such
as IL-6, IL-8, TNFa, and IL-1B, leads to an increased risk of vas-
cular hyperpermeability, acute lung injury, multiorgan failure,
and eventually death when high cytokine concentrations are
unabated over time (Costela-Ruiz et al., 2020). In direct relation
to this phenomenon, our transcriptomic analysis revealed that
Gal-9 and SARS-CoV-2 infection synergistically induced the ex-
pression of key pro-inflammatory programs in AECs, including
the IL-8, IL-17, EIF2, and TNFa signaling pathways. These data
were validated in part at the protein level using a bead-based
immunoassay to characterize the AEC secretome. Bozorgmehr et
al. (2021) demonstrated highly significant positive correlations
of plasma Gal-9 levels with a wide range of pro-inflammatory
biomarkers in COVID-19 patients. They further demonstrated
that Gal-9 treatment of monocytes in vitro enhanced the ex-
pression and production of key pro-inflammatory molecules
associated with severe COVID-19 disease (Bozorgmehr et al.,
2021). Gal-9 induces the secretion of inflammatory cytokines
in several immune cell lineages, including monocyte-derived
macrophages and neutrophils (Nobumoto et al., 2009; Querol
Cano et al., 2019). Our findings validate and extend these ob-
servations to SARS-CoV-2 infection of the airway epithelium.
Importantly, the combined effects of SARS-CoV-2 infection
and Gal-9 exposure on pro-inflammatory signaling are much
stronger than the effect of either Gal-9 or SARS-CoV-2 alone,
reflecting a synergistic interaction. We observed little transcrip-
tional perturbation by SARS-CoV-2 alone after 24 h of infection,
which is consistent with other reports that profound transcrip-
tional changes are only evident after 48 h (Blanco-Melo et al.,
2020; Subramaniyan et al., 2021). Interestingly, the IL-17 sig-
naling pathway was significantly activated after Gal-9 treatment
in the presence or absence of SARS-CoV-2. Our data are in
accordance with a previous report demonstrating the induction
of IL-17 signaling by Gal-9 treatment in vivo in the setting of

sepsis (Kadowaki et al., 2013). For MERS-CoV, SARS-CoV, and
now SARS-CoV-2, disease severity has been shown to positively
correlate with levels of IL-17 and other T helper 17 cell-related
pro-inflammatory cytokines (Mahallawi et al., 2018; Yang et al.,
2020; Hasan et al., 2021). IL.-17 inhibition has been adopted
as a common and successful strategy to reduce the injury as-
sociated with inflammatory autoimmune diseases (Pacha et al.,
2020). Thus, inhibition or neutralization of Gal-9 would not
only decrease SARS-CoV-2 replication but also attenuate IL-17
signaling and other damaging pro-inflammatory cascades.

Our study has limitations that must be considered. Firstly, we
focused exclusively on the airway epithelium. SARS-CoV-2 is
capable of infecting other cell lineages, including monocytes,
monocyte-derived macrophages, and microglia (Boumaza et
al., 2021; Liu et al., 2021; Jeong et al., 2022). It is possible that
Gal-9 does not exert similar effects on viral replication or
immune signaling in other target cell types. Secondly, our
studies were all performed in vitro or in transplant tissue-
derived primary epithelial cells ex vivo. As Gal-9 exerts
conditional, pleiotropic immunomodulatory effects, the net
effect of Gal-9 signaling on SARS-CoV-2 pathogenesis cannot be
fully appreciated outside of an animal model with a functional
immune system. Validation and extension of these in vitro and ex
vivo results in murine, hamster, ornon-human primate models of
SARS-CoV-2 infection will help evaluating the clinical relevance
of our findings. In relevance to the implementation of animal
models, our study did not elucidate the principal cell or tissue
sources responsible for secreting Gal-9 in the setting of SARS-
CoV-2infection. A study examining the role of Gal-9 in pulmonary
fibrosis revealed that immune cells, including alveolar
macrophages, lymphocytes, and type Il pneumocytes, are
the principal sources of Gal-9 production in the diseased
lung (Matsumoto et al., 2013). Leveraging an animal model to
identify these source compartments will be criticalin developing
interventions to manipulate Gal-9 signaling as a therapeutic
approach.

To the best of our knowledge, the data presented here are the
first to show that Gal-9 is directly involved in enhancing SARS-
CoV-2 infection and virus-induced pro-inflammatory pathology,
exposing an area of vulnerability for further investigation. Our
data warrant examination of Gal-9-targeting therapeutic strate-
gies in vivo, designed to simultaneously inhibit viral replication
and suppress deleterious immune signaling associated with
COVID-19 disease. There are existing tools that may be exploited
to experimentally manipulate Gal-9 in vivo, including adminis-
tration of exogenous recombinant Gal-9 to enhance signaling
(Nishi et al., 2005). Small molecules and promising monoclonal
antibodies under investigation in the clinical oncology area
(e.g. LYT-200) that antagonize Gal-9 activity may have utility in
COVID-19 (Bertino et al., 2019; Filipovic et al., 2021; Yang et al.,
2021). On this note, a recent exploratory clinical trial involved
administration of a galectin antagonist to individuals with
COVID-19 disease and revealed beneficial effects of galectin in-
hibition on disease outcomes (Sigamani et al., 2020). This repre-
sents a provocative and promising early step in the development
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of galectin-based therapeutics for SARS-CoV-2 infection in the
future.

Materials and methods
Cell lines

The Calu-3 human lung adenocarcinoma epithelial cell line
was obtained from ATCC (ATCCHTB-55) and cultured in Eagle’s
minimum essential medium (EMEM). Vero E6 cells were pur-
chased from ATCC (CRL-1586) and cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM). Vero E6 cells stably expressing
TMPRSS2 (Vero E6-TMPRSS2) were established and cultured in
DMEM in the presence of puromycin (1 pg/ml). All media were
supplemented with 10% fetal bovine serum (FBS) and 1% peni-
cillin/streptomycin. All cells had been previously tested for my-
coplasma contamination and incubated at 37°C in a humidified
atmosphere with 5% CO,.

Primary AECs

Human bronchi were harvested from five explanted healthy
lungs. The tissue was submerged and agitated for 1 min in PBS
with antibiotics and 5 mM dithiothreitol to wash and remove
mucus. After three washes, the tissue was placed in DMEM
with 0.1% protease and antibiotics overnight at 4°C. The next
day, the solution was agitated, and the remaining tissue was
removed. Cells were centrifuged at 300x g (4°C) for 5 min, and
then the cell pellet was resuspended in 0.05% trypsin-EDTA
and incubated for 5 min at 37°C. The trypsinization reaction
was neutralized with 10% FBS in DMEM, and then cells were
filtered through a cell strainer and centrifuged at 300x g (4°C)
for 5 min. The cell pellet was resuspended in DMEM with 10%
FBS, and 10 wl was stained with trypan-blue and counted on
a hemocytometer. Approximately 75000 cells were plated onto
each 6 mm/0.4 mm Transwell ALl insert after treatment with
the FNC coating mixture (Athena Enzyme Systems, 0407). DMEM
and ALl medium with 10% FBS were added in equal volumes
to each basal compartment, and cultures were incubated at
37°C with 5% CO,. The next day, the medium was removed,
and basal compartments were washed with PBS and antibiotics.
ALl medium was then added to each basal compartment and
changed every 3 days until cells were ready for use on Day 28.

Viruses

SARS-CoV-2 viruses (isolate USA-WA1/2020 and isolate lin-
eage P.1) were obtained from BEIl Resources of the National
Institute of Allergy and Infectious Diseases. Viruses were prop-
agated in Vero E6-TMPRSS2 cells in DMEM with 2% FBS and 1%
penicillin/streptomycin, and viral stocks were stored at —80°C.
Viral titer was measured in Vero E6 cells by the TCIDsq assay. All
the studies involving live viruses were conducted at the Vitalant
Research Institute BSL-3 under approved safety protocols.

Ethics statement
The studies involving human participants were reviewed and
approved by the Human Research Protection Program, University

of California, San Francisco. The patients/participants provided
the written informed consent to participate in this study.

Cytotoxicity assay

The cytotoxic effect of Gal-9 on Calu-3 cells was determined
using an MTT assay kit (Abcam, ab211091) according to the
manufacturer’s guidelines. In brief, Calu-3 cells cultured in
96-well plates were incubated with different concentrations of
Gal-9 (0-5000 nM). After 48 h, the medium was removed, and
100 pl of MTT reagent (1:1 dilution in serum-free DMEM) was
added to each well and incubated for 3 h at 37°C. Then, the
medium was removed, and 150 wl of MTT solvent was added
to each well. Quantification was performed by reading the ab-
sorbance at 590 nm wavelength. The data from three indepen-
dent experiments were used to calculate the CCso by non-linear
regression using GraphPad Prism 8.0 software.

SARS-CoV-2 infection and Gal-9 administration

The stable form of recombinant Gal-9 was used in all exper-
iments (Nishi et al., 2005; Abdel-Mohsen et al., 2016). Calu-3
cells were seeded at 0.5 x 10° cells per well in 0.5 ml volume
using a 24-well plate or at 1 x 10° cells per well in 0.1 ml
volume using a 96-well plate. The following day, cells were
pre-treated with or without Gal-9 for 6 h. Then, viral inoculum
(MOl = 0.01; 500 pl/well or 100 wl/well) was prepared using
EMEM containing the indicated concentrations of Gal-9 and
addedtothewells. Theinoculated plates were incubated at 37°C
with 5% CO,. Supernatants were collected and stored at —80°C
at 24 hpi. Cells were lysed with TRIzol (Thermo Fisher Scientific,
15596026) for RNA extraction or fixed with methanol:acetone
(1:1) for immunofluorescence assays.

For infection of ALl-cultured primary AECs, SARS-CoV-2
(diluted in ALl medium, MOl = 0.1) was added to the apical
chamber (250 pl) and the basal compartment (500 wl) of the
inserts. Then, the cultures were incubated for 2 h at 37°C (5%
C0,) to enable virus entry. Subsequently, the cells were washed,
and fresh ALI medium (500 wl) was added to the basal compart-
ment. Cells were incubated at 37°C (5% CO,) and harvested for
analysis at 36 hpi.

TCID sy assay

Viral production by infected cells was measured by quantify-
ing TCID5,. Vero E6 cells were plated in 96-well plates at 5 x 10*
cells per well. The next day, supernatants collected from Calu-3
cells were subjected to 10-fold serial dilutions (10'-10'!) and
inoculated onto Vero E6 cells. The cells were incubated at 37°C
with 5% CO,. Three to five days post-infection, each inoculated
well was evaluated for the presence or absence of viral CPE.
TCIDso was calculated based on the method of Reed and Muench
(1938).

Immunofluorescence microscopy

Cells were washed with 1x PBS and then fixed and perme-
abilized with cold methanol:acetone (1:1) for 10 min at 4°C.
Next, cells were washed with 1x PBS and incubated in blocking
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buffer (5% goat serum, Seracare Life Sciences Inc., 55600007)
at room temperature for 30 min. Cells were then incubated
with a primary antibody (monoclonal rabbit anti-SARS-CoV-2 N
antibody, GeneTex, GTX135357) in 1x PBS (1:1000) overnight
at 4°C. The following day, cells were washed three times with
1x PBS and incubated with a secondary antibody [goat anti-
rabbit IgG (H + L), FITC (Thermo Fisher, 65-6111)] in 1x PBS
(1:200) for 1 h at 37°C. Then, cells were washed three times
with 1x PBS and incubated with DAPI (300 nM, Thermo Fisher
Scientific, D1306) for 5 min at room temperature. Images were
acquired using a fluorescence microscope.

RNA-seq and IPA

RNA concentration and quality were measured using High
Sensitivity RNA ScreenTape Analysis (Agilent, 5067-1500). cDNA
libraries were prepared using the lllumina TruSeq Stranded Total
RNA Library Prep Kit (Illumina, 20020597), and sequencing was
performed on the Illumina Nextseq 550 Platform, generating
75 bp paired-end reads. The quality of raw sequencing reads
was assessed using FastQC. DEGs were identified by GSA or
ANOVA in Partek® Flow® imported into the QIAGEN IPA software
application. IPAwas used to identify gene ontologies, pathways,
and regulatory networks to which DEGs belonged, as well as up-
stream regulators (Krdmer et al., 2014). Reads were also aligned
to the SARS-CoV-2 isolate WA-1 and analyzed using the QIAGEN
CLC Genomics Workbench.

Pseudovirus entry assay

Calu-3 cells were plated into 96-well plates. The following
day, cells were pre-treated with the indicated concentrations of
Gal-9for6 h.Inorderto block ACE2 on the cell surface, cells were
pre-treated with the indicated concentrations of an anti-ACE2
antibody (R&D Systems, AF933) for 1 h. An unrelated anti-goat
IgG antibody (R&D Systems, AB-108-C) was used as a control.
Pseudovirus harboring either SARS-CoV-2 spike or VSV-G glyco-
protein was diluted in EMEM containing the indicated concentra-
tions of Gal-9 and then added to Calu-3 cells. Controls included
wells with serum predetermined to possess neutralizing activity.
Cells were incubated for 24 h at 37°Cwith 5% CO,. Supernatants
were then removed, cells were lysed, and luciferase activity was
read using a commercial substrate (Promega, E1500).

Flow cytometry

Cells were detached with 10% EDTA containing Zombie NIR
(1:300, BioLegend, 423105) for 10 min at 37°C. Then, cells were
washed three times with 1x PBS and incubated with human
ACE2 Alexa-Fluor 488-conjugated antibody (R&D Systems,
FAB9332G), human TMPRSS2 Alexa-Fluor 594-conjugated
antibody (R&D Systems, FAB107231T), or human Gal-9
PE-conjugated antibody (Biolegend, 348905) for 30 min at
room temperature. Cells were washed three times with 1x PBS
again. Analytical flow cytometry was performed with a BD LSRII
flow cytometer. Data were analyzed using Flow)o.

ELISA-based assessment of SARS-CoV-2 spike binding to ACE2

Assessment of Gal-9 effect on the binding of the SARS-CoV-2
spike to human ACE2 was performed using a commercially
available spike—ACE2 binding assay kit (CoviDrop SARS-CoV-2
spike—ACE2 Binding Activity/Inhibition Assay Kit, EPIGENTEK,
D-1005-48) following the protocol provided by the manufacturer.
Gal-9 or the positive inhibitor control was mixed with the indi-
cated amounts of recombinant human ACE2 protein, and then
added to an ELISA plate coated with recombinant SARS-CoV-2
spike protein and incubated at 37°C for 60 min. Unbound ACE2
was removed. The amount of captured ACE2, which is propor-
tional to ACE2 binding activity, is then recognized by an ACE2
detection antibody and measured by reading the absorbance at
a wavelength of 450 nm.

Image analysis

To measure the frequency of infected cells, randomly selected
areas were imaged. Each treatment had three replicates. The
percentage of GFP* cells was determined by dividing the number
of GFP™ cells by the number of DAPIT cells. All samples were
analyzed at the same threshold values. For the quantification
of GFP™ cells, CellProfiler-3 software was used to determine the
fraction of GFP™ cells. Briefly, we used the software pipeline Cor-
rectllluminationCalculate to calculate an illumination correction
function for each of the two channels (DAPI, blue; GFP, green).
We then used another pipeline, CorrectllluminationApply,
to load each image and correct its illumination using the
pre-calculated functions. Next, we ran ColorToGray to change
all slides to gray and ran IdentifyPrimaryObjects to identify
the number of each channel. Finally, data were exported by
using the ExportToSpreadsheet pipeline. The same threshold
value was applied to the images of each area.

Quantitative analysis of synergy

The combined effects of Gal-9 treatment and SARS-CoV-2
infection on pro-inflammatory cytokine expression were
analyzed using the SynergyFinder web application,
implementing the Bliss Independence model. The Bliss model
generates synergy scores from a response matrix (lanevski et
al., 2020).

Statistical analysis

Statistical analysis was performed using GraphPad Prism
version 8 software. Data were presented as mean + SEM or
median. Data were analyzed for statistical significance using
an unpaired or paired Student’s t-test to compare two groups
or a paired one-tailed Wilcoxon test. Only P-values of 0.05
or lower were considered statistically significant (*P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001).

Data availability
The datasets generated for this study are available on request
from the corresponding author.
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