
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Brian J. Ferguson,
University of Cambridge, United Kingdom

REVIEWED BY

Uday Kishore,
United Arab Emirates University, United Arab
Emirates
Jinghua Lu,
National Institute of Allergy and Infectious
Diseases (NIH), United States

*CORRESPONDENCE

Guirong Wang

wangg@upstate.edu

RECEIVED 14 January 2024

ACCEPTED 11 March 2024
PUBLISHED 26 March 2024

CITATION

Jacob IB, Gemmiti A, Xiong W, Reynolds E,
Nicholas B, Thangamani S, Jia H and Wang G
(2024) Human surfactant protein A inhibits
SARS-CoV-2 infectivity and alleviates lung
injury in a mouse infection model.
Front. Immunol. 15:1370511.
doi: 10.3389/fimmu.2024.1370511

COPYRIGHT

© 2024 Jacob, Gemmiti, Xiong, Reynolds,
Nicholas, Thangamani, Jia and Wang. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 26 March 2024

DOI 10.3389/fimmu.2024.1370511
Human surfactant protein A
inhibits SARS-CoV-2 infectivity
and alleviates lung injury in a
mouse infection model
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Erin Reynolds2, Brian Nicholas3, Saravanan Thangamani2,
Hongpeng Jia4 and Guirong Wang1,2*

1Department of Surgery, the State University of New York (SUNY) Upstate Medical University,
Syracuse, NY, United States, 2Department of Microbiology & Immunology, SUNY Upstate Medical
University, Syracuse, NY, United States, 3Department of Otolaryngology, SUNY Upstate Medical
University, Syracuse, NY, United States, 4Department of Surgery, Johns-Hopkins University, Baltimore,
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Introduction: SARS coronavirus 2 (SARS-CoV-2) infects human angiotensin-

converting enzyme 2 (hACE2)-expressing lung epithelial cells through its spike (S)

protein. The S protein is highly glycosylated and could be a target for lectins.

Surfactant protein A (SP-A) is a collagen-containing C-type lectin, expressed by

mucosal epithelial cells and mediates its antiviral activities by binding to

viral glycoproteins.

Objective: This study examined the mechanistic role of human SP-A in SARS-

CoV-2 infectivity and lung injury in vitro and in vivo.

Results:Human SP-A can bind both SARS-CoV-2 S protein and hACE2 in a dose-

dependent manner (p<0.01). Pre-incubation of SARS-CoV-2 (Delta) with human

SP-A inhibited virus binding and entry and reduced viral load in human lung

epithelial cells, evidenced by the dose-dependent decrease in viral RNA,

nucleocapsid protein (NP), and titer (p<0.01). We observed significant weight

loss, increased viral burden, and mortality rate, and more severe lung injury in

SARS-CoV-2 infected hACE2/SP-A KO mice (SP-A deficient mice with hACE2

transgene) compared to infected hACE2/mSP-A (K18) and hACE2/hSP-A1 (6A2)

mice (with both hACE2 and human SP-A1 transgenes) 6 Days Post-infection

(DPI). Furthermore, increased SP-A level was observed in the saliva of COVID-19

patients compared to healthy controls (p<0.05), but severe COVID-19 patients

had relatively lower SP-A levels than moderate COVID-19 patients (p<0.05).

Discussion: Collectively, human SP-A attenuates SARS-CoV-2-induced acute

lung injury (ALI) by directly binding to the S protein and hACE2, and inhibiting its

infectivity; and SP-A level in the saliva of COVID-19 patients might serve as a

biomarker for COVID-19 severity.
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Introduction

More than 7 million people have died due to coronavirus

disease 2019 (COVID-19), with the United States reporting more

deaths than any other country. COVID-19 is an infectious disease

caused by severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) (1). Previous studies have shown that morbidity and

mortality following SARS-CoV-2 infection are predominantly due

to a robust influx of inflammatory cells and cytokines into the lungs

resulting in acute lung injury (ALI) and acute respiratory distress

syndrome (ARDS) (2). SARS-CoV-2, like other coronaviruses, is an

enveloped virus with several structural and non-structural proteins

that facilitate its infectivity and pathogenicity in humans (3). Most

important among the structural proteins for viral infectivity is the

spike protein (S protein) which associates as a trimer on the viral

envelope and is the basic unit through which the virus attaches to

the host cellular receptor, human angiotensin-converting enzyme

receptor 2 (hACE2), predominantly expressed on epithelial cells,

including alveolar type II cells (ATII) in the lungs and in several

other tissues (4). Each monomer of the S protein is composed of the

S1 and S2 subunits. The S1 subunit contains the receptor-binding

domain (RBD) which primarily binds to hACE2 while the S2

domain mediates the fusion of the viral and host cell membrane

upon cleavage of the S protein subunit by the host transmembrane

protease serine 2 (TMPRSS2) (5). Interestingly, as observed in most

viral glycoproteins, the SARS-CoV-2 S protein is decorated with

several N- and O-linked carbohydrate structures that have been

demonstrated to protect it from antibody recognition (5, 6). While

the presence of sugars on viral S protein can enable immune

evasion, it may also enhance recognition by host innate immune

carbohydrate-binding proteins (lectins), such as the human

surfactant protein A (SP-A).

Human SP-A is a hydrophilic protein and belongs to the C-type

lectin family of proteins (collectins) that surveys mucosal epithelial

surfaces of the lungs, regions of the upper airway including

laryngeal tissues, salivary glands, oral gingiva, and nasal mucosa,

and bind to pathogen-associated molecular patterns (PAMPs) of

most invading microbes (4, 7). Collectins such as surfactant proteins

A and D (SP-A and SP-D) and mannose-binding lectin (MBL) are

host humoral innate immune proteins that function by acting as a

first line of defense against invading pathogens by binding to

microbes and regulating inflammatory responses to maintain lung

and other organs’ health. Like other collectins, SP-A is composed of

four functional domains among which is a carbohydrate recognition

domain (CRD) that mediates Ca2+-dependent binding to sugars on

microbial glycoproteins (7). As a pattern recognition molecule

(PRM), SP-A, alongside a related human lung-associated collectin

(SP-D), has been demonstrated to bind sugar moieties on viral

surfaces and inhibit their infectivity (7). Furthermore, SP-A

enhances viral aggregation, opsonization, and lysis while

modulating inflammation by interacting with various types of

receptors on innate immune cells (7, 8). Several studies have

described the antiviral and immunomodulatory activities of SP-A,

SP-D, and MBL in the context of SARS-CoV-2, respiratory syncytial

virus (RSV), Influenza A virus (IAV), human coronavirus 229E

(HCoV-229E), and HIV (9–16). Interestingly, a recent in silico
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analysis showed that SP-A could ligate the S protein with an

affinity similar to the ACE2-spike interaction (17), suggesting that

SP-A may have an implication in the pathogenesis of SARS-CoV-2

infection. Previous studies demonstrated that SP-A can ameliorate

RSV and IAV pathogenesis by enhancing viral clearance and

modulating excessive inflammation, respectively (18, 19). Human

SP-A has two functional genes (SP-A1 and SP-A2) with several genetic

variants that have been observed at > 1% frequency in the general

population: SP-A1 (variants 6A, 6A2, 6A4), and SP-A2 (variants 1A0,

1A1, 1A3) (20).

Given that the effectiveness of the newly developed vaccines and

therapeutics for COVID-19 is continuously being threatened by the

frequent emergence of SARS-CoV-2 variants with unique changes

in the spike epitope that facilitate immune escape, there is a

considerable ongoing global effort to develop and improve

antivirals and immunomodulatory agents (21–23).

In this study, we hypothesized that SP-A plays a critical role in

mucosal innate immunity against SARS-CoV-2 infectivity and acute

lung injury. We found that human SP-A can bind both SARS-CoV-2

S protein and hACE2 and inhibit viral entry in susceptible human

lung epithelial cells in vitro; and human SP-A can attenuate lung

injury and viral burden using a double humanized transgenic mouse

model (expressing hACE2 and human SP-A) following SARS-CoV-2

(Delta) infection. Moreover, increased SP-A level was observed in the

saliva of COVID-19 patients. These findings contribute to our

understanding of the role of human SP-A in SARS-CoV-2-induced

pathogenesis as an important host defense protein that could

attenuate SARS-CoV-2 infectivity and lung pathology while serving

as a potential therapeutic component for COVID-19.
Results

SARS-CoV-2 S protein and RBD are
recognized by human SP-A

SP-A activates host innate immunity by binding to pathogen-

associated molecular patterns (PAMPs) such as glycan units on

viral surface proteins. Given the profound level of glycosylation on

SARS-CoV-2 S-protein (5), and SP-A binding to other respiratory

viruses (10, 24); we examined the potential interaction of human

SP-A with SARS-CoV-2 S protein and the RBD. As shown in

Figure 1A, SP-A bound to SARS-CoV-2 S protein in a dose-

dependent manner (0 -10 mg/ml of SP-A) in the presence of

calcium (5 mM) but the binding of SP-A to S protein was

reduced by 46% in the presence of 10 mM EDTA (a calcium ion

chelator), suggesting that SP-A binding to S protein is slightly

dependent on calcium (CRD domain) but other non-calcium-

dependent regions might also play a role in S protein interaction

because EDTA could not completely abrogate SP-A binding to S

protein. Similarly, a dose-dependent binding of SP-A (0 - 10 mg/ml

of SP-A) to immobilized SARS-CoV-2 RBD was also observed

(Figure 1B). As shown in Figure 1B, 59% decrease in SP-A binding

to the RBD was observed in the presence of 10 mM EDTA,

suggesting the involvement of SP-A CRD and other domains in

the interaction between SP-A and RBD.
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The binding of SP-A to SARS-CoV-2 S
protein and RBD is inhibited by sugars

Each monomer of SARS-CoV-2 S protein has about 17 of its 22

N- glycosylation sites occupied by glycans with two O-linked glycan

sites on the RBD (6). SP-A has various binding affinities for

carbohydrate molecules. Thus, we hypothesized that SP-A binds

to S protein and RBD by recognizing the sugars displayed on its

surface. To demonstrate whether sugars can competitively inhibit

SP-A recognition of S protein and RBD, we incubated SP-A with

immobilized S protein and RBD in the presence of 10 mM sugars

(maltose, mannose, galactose, and GlcNAc). In Figure 1C, a reduced

SP-A binding to S protein was observed in the presence of maltose

and mannose with no significant inhibition by Galactose and

GlcNAc. However, SP-A recognition of RBD was inhibited by all

the sugars tested (Figure 1D). Although, increasing concentrations

of maltose could not completely abrogate SP-A interaction with S

protein and RBD (Supplementary Figure E1 A, B). These data

indicate that SP-A binds glycoconjugates on the S protein and RBD

of SARS-CoV-2. However, there is also the potential for other forms

of protein-protein interaction because of the observed interaction

regardless of the presence or dose of sugars.
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SP-A binds to hACE2 and impacts SARS-
CoV-2 RBD interaction with
hACE2 receptor

Since SARS-CoV-2 mainly infects hACE2-expressing airway and

lung epithelial cells which are also the predominant SP-A-expressing

cells; we assessed whether SP-A could interact with hACE2 directly. We

observed a dose-dependent increase in SP-A binding to biotinylated

hACE2 (Figure 2A). Furthermore, SP-A binding to hACE2 decreased

significantly in the presence of EDTA, indicative of its reliance on

calcium for optimum interaction with hACE2. However, Mannose, a

preferred ligand for SP-A, showed a weak inhibitory effect on SP-A

interaction with hACE2, suggesting that SP-A interaction with hACE2

may act through glycoconjugate and non-glycoconjugate binding

(Supplementary Figure E2). Given that SP-A can bind hACE2, we

further examined its impact on the interaction between SARS-CoV-2

RBD and hACE2 by simultaneously incubating SP-A and hACE2 on

ELISA plates immobilized with RBD. We observed a reduced hACE2

binding to RBD in the presence of SP-A while BSA (used as a control

for non-specific protein interaction) had no inhibitory effect on RBD-

hACE2 interaction (Figure 2B). Therefore, SP-A can interfere with the

interaction between RBD and hACE2.
B

C D

A

FIGURE 1

Human SP-A interacts with SARS-CoV-2 S protein and RBD. Purified S protein and RBD was immobilized on ELISA plates followed by incubation
with serial dilutions of SP-A (0-10 mg/ml) in either 5 mM CaCl2 or 10 mM EDTA-containing buffer. The data show a dose-dependent increase in SP-A
binding to SARS-CoV-2 S protein (A) and RBD (B). SARS-CoV-2 S protein (C) and RBD (D) coated plates were incubated with 10 mg/ml SP-A in the
presence of 10 mM of each kind of sugar i.e. maltose, mannose, galactose, and N-acetylglucosamine (GlcNAc). Control samples were incubated,
with SP-A in 5 mM CaCl2 buffer without sugars and absorbance readings compared to control samples. Experiments were carried out in duplicates
with three independent experiments. The data are presented as mean ± SE of 3 independent experiments. (*P<0.05; **P<0.01 reflect the levels of
statistical significance in comparison with no SP-A treated group (0 mg/ml) in 5 mM CaCl2-containing buffer by unpaired student’s t-test analysis.
y<0.05, yy<0.01 are the levels of significance compared to 0 mg/ml SP-A in 10 mM EDTA buffer while #<0.05 is the level of significance for the
same SP-A concentrations in 5 mM CaCl2 vs 10 mM EDTA-containing groups.
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Human SP-A inhibits binding and entry of
SARS-CoV-2 pseudotyped particles and
SARS-CoV-2 (delta variant) in host cells

The ELISA showed that SP-A binds to SARS-CoV-2 S protein

and RBD, as well as interfere with RBD-hACE2 interaction. We

further examined whether SP-A could inhibit SARS-CoV-2

infectivity using both pseudotyped particles and infectious SARS-

CoV-2 (Delta variant). It is known that glycans adjacent to the RBD

can serve as determinants of viral binding with cellular receptors to

facilitate subsequent entry (25), and SP-A interaction with RBD was

attenuated in the presence of sugars which suggests that SARS-

CoV-2 entry in hACE2-expressing host cells may be inhibited by

pre-treating with SP-A. Thus, we assessed whether the capacity of

SP-A to bind S protein and RBD can result in viral entry inhibition.

We challenged HEK293T-ACE2+TMPRSS2 and A549-ACE2 cell

lines with a luciferase- or GFP-tagged SARS-CoV-2 pseudotyped

particle (expressing wildtype (WT) S protein on its surface) pre-

incubated with or without SP-A and observed significantly reduced

luciferase intensity in an SP-A dose-dependent manner starting at

6.25 mg/ml in HEK293-ACE2+ TMPRSS2 (Figure 3A) and 12.5 mg/
ml in A549-ACE2 (Figure 3B). As shown in Figures 3C, D, we also

observed a decrease in GFP intensity with increasing SP-A

concentrations in a dose-dependent manner in HEK-293T-

ACE2 cells.

To further validate the role of SP-A in SARS-CoV-2 infectivity,

binding, and entry assays with an infectious SARS-CoV-2

(B.1.617.2, Delta variant) were performed. We observed that the

level of viral particles bound on the cell surface decreased

significantly in a dose-dependent manner compared to the BSA-

treated and untreated (0 mg/ml) controls at 4°C (Figure 4A).

Temperature shift experiments at 37°C for 1 h showed lower

levels of internalized viral RNA with increasing SP-A

concentrations (Figure 4B). This level of the internalized virus

was reduced by ≈ 58% relative to control (0 mg/ml) in cells
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inoculated with virus + 25 mg/ml SP-A. Before shifting to 37°C,

we validated viral entry by treating some cells inoculated with virus

only (0 mg/ml SP-A) with proteinase K to remove virus on the cell

surface after the 4°C incubation (binding control) and observed

only minimal levels of bound viruses. As previously described with

pseudotyped viruses, pre-incubation of virus with increasing SP-A

concentrations (0 to 50 mg/ml) before inoculating confluent A549-

ACE2 cells resulted in a dose-dependent decrease in SARS-CoV-2

N protein (NP) levels in cells 4 hpi (Figures 4C, D). As expected,

Chloroquine (CQ), an established inhibitor of SARS-CoV-2 entry

used as a positive control, inhibited virus entry. The results

highlight the binding and entry inhibitory activity of SP-A in the

context of SARS-CoV-2 infection.
Human SP-A attenuates SARS-CoV-2
infectivity in A549-ACE2 cells

The hallmark of viral infectivity is the ability to not merely get

into a cell but to also replicate its genome, express both structural

and non-structural proteins, and assemble these components to

produce infectious progeny viral particles. We therefore

investigated the potential inhibitory role of SP-A in SARS-CoV-2

infectivity by RT-qPCR, immunoblotting and plaque assay using

total RNA and protein isolated from infected cells and supernatant

24 h after infection of A549-ACE2 cells. The results showed that SP-

A significantly reduced SARS-CoV-2 RNA level in cells in a dose-

dependent manner (0 – 50 µg/ml of SP-A) (Figure 5A). In the

presence of 50 µg/ml SP-A, we observed approximately 50%

decrease in viral RNA level in cells. These results were further

confirmed by immunoblotting assay where a dose-dependent

decrease in the level of SARS-CoV-2 NP was observed

(Figures 5B, C). 50 µg/ml SP-A resulted in an approximately 10-

fold reduction in virus titer compared to cells infected with the virus

only by plaque assay (Figures 5D, E). Taken together, these results
BA

FIGURE 2

SP-A binds to hACE2 and impacts the interaction of SARS-CoV-2 RBD and hACE2. (A) Microtiter plates were coated with biotinylated hACE2 (0.2 mg/
ml) and plates were then incubated with a range of SP-A concentrations (0-10 mg/ml) in the presence of 5 mM calcium or 10 mM EDTA, and the
level of bound SP-A was detected as described previously. (B) SP-A (10 µg/ml) was simultaneously incubated with biotinylated hACE2 (10 µg/ml) in
wells immobilized with RBD (5 µg/ml). To assess non-specific protein interaction, some wells were incubated with 10 µg/ml BSA. Statistical analysis
was performed by a student’s t-test. Values are mean ± SEM (*P<0.05, **P<0.01 compared to 0 mg/ml SP-A in CaCl2-containing group. yy<0.01 vs
0 mg/ml SP-A in 10 mM EDTA group while #<0.05 is the level of significance for same SP-A concentrations in 5 mM CaCl2 vs 10 mM EDTA-
containing groups.
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suggest that human SP-A has an inhibitory effect on SARS-CoV-2

entry and reduces viral load in human lung epithelial cells by

interacting with SARS-CoV-2 S protein and preventing viral

binding to A549-ACE2 cells.
SP-A deficient mice are more susceptible
to SARS-CoV-2-induced acute lung injury

Three types of hACE2 transgenic mice with either no SP-A

(hACE2/SP-A KO), mouse SP-A (hACE2/mSP-A, K18), or human

SP-A (hACE2/SP-A1 (6A2) background were intranasally infected

with 1 × 103 PFU of SARS-CoV-2 (Delta variant) and monitored for

body weight changes, and survival for 10 days. We observed

remarkable weight loss starting on day 4 post-infection, with a

drastic decline on days 5 and 6 post-infection especially in hACE2/

SP-A KO mice. Weight loss peaked on 6 DPI for all SARS-CoV-2

infected groups, particularly in hACE2/SP-A KO mice (15.1 ±

7.3%), hACE2/mSP-A (5.2 ± 8.3%), and hACE2/hSP-A-1 (6A2)

(6.86 ± 6.9%) (Figure 6A). This tendency in weight loss continued

until day 9 and increased on day 10. However, none of the KO mice

regained their weights or survived beyond 9 dpi in this study.
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Besides weight loss, other clinical signs observed were ruffled fur,

hunched posture, difficulty breathing, lethargy, ocular discharge,

tremor, and severe intestinal bloating in the most severe cases

starting at 3 DPI. These symptoms were particularly severe in SP-A

KOmice compared to those mice with hSP-A or mSP-A gene. Most

of the SP-A KO mice succumbed to the infection on 6 DPI or

reached IACUC-defined endpoints for survival and were

euthanized. Notably, barely 50% of SP-A deficient mice survived

on day 6 compared to 100% survival observed in mice carrying

human SP-A (Figure 6B). To assess SARS-CoV-2 induced ALI, lung

sections of mice from each group (n=6-7/group) were examined as

previously described (26). Lung histopathological analysis showed

normal lung histology in all Sham groups. SARS-CoV-2 infection 6

DPI resulted in severe lung injury, characterized by a diffused influx

of inflammatory cells in airspaces and interstitial, pulmonary

hemorrhage, alveolar septal thickening, and an accumulation of

proteinaceous debris and edema within the alveoli and interstitial.

SARS-CoV-2-induced ALI was particularly severe in hACE2 Tg

mice deficient in SP-A compared to mice with mSP-A or hSP-A

(Figure 6C). An evaluation of infected mice showed that hACE2/

mSP-A (K18) and hACE2/hSP-A 1 (6A2) mice had similar lung

injury scores while hACE2/SP-A KO had a more significantly
B

C D

A

FIGURE 3

SP-A inhibits entry of SARS-CoV-2 pseudotyped lentiviral particles in susceptible host cells. We measured the luciferase intensity of the SP-A (0-50
mg/ml) pre-treated WT S protein pseudotyped lentiviral particles in the cell lines: (A) HEK293T-ACE2+TMPRSS2; (B) A549-ACE2. (C) Representative
images of GFP-positive cells in HEK293T-ACE2+TMPRSS2 challenged with SP-A pre-treated and un-treated GFP-tagged SARS-CoV-2 pseudotyped
particles. (D) GFP signal taken from 10 images per well, normalized to the cellular area and quantified by Image J software. The data were expressed
as mean ± SEM of the percentage of positive cells/total cells per area analyzed (n=3). Scale bar = 100 mm. *P<0.05; **P<0.01, compared to control
sample (0 mg/ml). #<0.05, ##<0.01, compared between two SP-A doses. ns = not significant.
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higher lung injury score than hACE2/mSP-A (K18) and hACE2/

hSP-A 1 (6A2) mice (P<0.01) (Figure 6D). We also assessed the

amount and distribution of SARS-CoV-2 NP in infected lung

lesions by immunohistochemistry (IHC). While no SARS-CoV-2

NP was observed in control (Sham) mice, there was widespread

viral dissemination in the lungs of SP-A deficient hACE2 Tg. The

lesions positive for SARS-CoV-2 NP were more diffuse in mice

without SP-A than in K18 and humanized SP-A mouse lines. In

general, we observed a very low, localized presence of SARS-CoV2-

2 NP in hACE2/hSP-A mice compared to hACE2/SP-A KO and

hACE2/mSP-A mice (Figures 6F, G).

To compare body weight loss and ALI score with SARS-CoV-2

titers, we infected each mouse group with SARS-CoV-2 (Delta

variant) (n=6-7/group) and sacrificed at 6 DPI. Lungs were

dissected and homogenized, and supernatants from lung

homogenates were subjected to RT-qPCR and plaque assay. Viral
Frontiers in Immunology 06
RNA load was comparable in hACE2 Tg mice with mSP-A (K18)

and hSP-A backgrounds compared with the significantly elevated

SARS-CoV-2 RNA loads in SP-A deficient hACE2 Tg mice

(Figure 6E). Infectious virus titer in hACE2/SP-A KO and

hACE2/mSP-A (K18) was ~ 1× 103 PFU in lung tissues while

mainly undetectable in most hACE2/hSP-A1 (6A2) mice

(Supplementary Figure E3).

We also observed significantly higher TNF-a and IL-6 in the

infected KO mice compared to the infected K18 and hSP-A mice

(Figures 6H, I); indeed, there was no change in the level of IL-6 in

infected 6A2 relative to Sham, supporting the role of elevated IL-6 as

a major contributor to severe disease observed in COVID-19

patients (27, 28). The results highlight the crucial role of human

SP-A in attenuating the severity of SARS-CoV-2-induced ALI by

decreasing viral burden and modulating inflammatory responses in

the lungs of infected mice.
B

C

A

D

FIGURE 4

SP-A attenuates SARS-CoV-2 (Delta) binding and entry in A549-ACE2 cells. (A) Viral binding assays were performed in A549-ACE2 cells. SARS-CoV-
2 (Delta variant) was pre-incubated with the indicated concentrations of SP-A or BSA (used as a non-specific protein control, 50 mg/ml) for 1h at RT.
Then inoculated onto pre-chilled cells for another 2 h at 4°C to allow binding to the cell surface. (B) Viral entry assays were performed as described
above. However, after 2 h incubation of SP-A + virus mixture at 4°C, the cells were washed, and fresh media was added and shifted to 37°C for 1 h
to allow virus entry into cells. The cells were washed and treated with proteinase K (1 mg/ml) to remove attached viral particles on the cell surface
and the amount of internalized viral particles was quantified by RT-qPCR. Binding control at 4°C was also used to assess virus entry by treating cells
inoculated with virus only (0 mg/ml SP-A) after 2 h incubation with proteinase K prior to shifting to 37°C. The relative fold change was normalized to
18S rRNA internal control and expressed as mean ± SEM of the relative fold change in CT values compared to the control sample (0 mg/ml).
(C) A549-ACE2 cells inoculated with SP-A + virus mixture for 2h and then cells were harvested after 4 h incubation for Western blotting analysis
using SARS-CoV-2 N protein and b-actin antibodies, respectively. Representative images of Western blotting analysis of cell lysates with SARS-CoV-2
N protein and b-actin as a control. Chloroquine (CQ) (10 µM) was used as a positive control. (D) Quantification of N protein level relative to b-actin
(loading control). Each data represents the relative mean ± S.E. *P<0.05; **P<0.01, compared to control group (0 mg/ml); #<0.05= significance
between two doses.
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Increased SP-A level in the saliva of
COVID-19 patients compared to
healthy controls

Changes in pulmonary surfactant protein levels and elevated

MBL in the sera of some SARS and COVID-19 patients have been

shown to correlate with disease severity (29–33). Thus, we

examined the level of SP-A in the saliva of COVID-19 patients

hospitalized with varying disease severity. The results showed that

COVID-19 patients have an elevated total protein levels in their

saliva compared to healthy controls (Figure 7A), which was

particularly higher in severe patients upon stratification based on

disease severity (Figure 7B). SP-A levels in COVID-19 patients

were higher relative to healthy controls (Figure 7C). However,

we observed a profoundly reduced SP-A level in the subgroup of
Frontiers in Immunology 07
severe COVID-19 patients (Figure 7D), despite the higher total

protein levels observed in this subgroup; highlighting the

importance of a relatively preserved level of SP-A in the salivary

mucosa of SARS-CoV-2 infected individuals to alleviate the most

severe COVID-19 symptomology.
Discussion

Barely four years since first reported, COVID-19 has become

one of the leading causes of death in the US (1). The goal of current

antiviral research is to develop novel therapies that not only target

viral proteins but also important host proteins/pathways that are

essential for the virus’s life cycle (23, 34). As the current COVID-19

pandemic has highlighted with the frequent emergence of variants
B

C
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A

FIGURE 5

SP-A inhibits SARS-CoV-2 (Delta) infectivity in A549-ACE2. SARS-CoV-2 was pre-incubated with increasing concentrations of SP-A before
inoculating A549-ACE2. Cell culture media and cells were collected and used for RT-qPCR, western blot, and plaque assays. (A): Significant decrease
in viral RNA levels in A549-ACE2 cells treated with or without SP-A and expressed as fold change in CT values relative to control (0 mg/ml) 24h hpi.
(B): Western blots of SARS-CoV-2 N expressions in cell lysates treated with increasing concentrations of SP-A (C): Relative viral N protein levels in
A549-ACE2 cell lysate normalized to b-actin. (D): Visible plaques on Vero E6 cells infected with or without (0 mg/ml) SP-A. (E): Dose-dependent
decrease in virus titer with increasing SP-A concentrations. Values represent mean ± S.E. **P<0.01, compared to the control sample (0 mg/ml) and
#<0.05, ##<0.01 when compared between two concentrations (n= 3).
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FIGURE 6

SP-A attenuates the severity of SARS-CoV-2-induced acute lung injury in vivo. Three groups of mice (hACE2/SP-A KO, hACE2/mSP-A, and hACE2/
hSP-A 1 (6A2) were infected intranasally with 1 × 103 PFU of SARS-CoV-2 (Delta) and sacrificed on day 6 P.I or monitored until day 10 for survival
study. (A) Significant weight loss was observed in all infected mice relative to sham controls starting on day 5. However, on day 6, a more dramatic
weight loss was observed in KO relative to hSP-A mice. Body weight change was monitored daily and compared with the initial weight on day 0. (B)
Significant mortality was observed in SP-A KO mice compared to K18 and hSP-A mice. (C) Representative histological images of lung sections from
each group indicating normal lung structures in all Sham groups. SARS-CoV-2-induced lung damage was marked by an infiltration of inflammatory
cells into the alveoli and interstitial, pulmonary hemorrhage, accumulation of proteinaceous debris, and interstitial edema in infected mice (n=6-7
per group). (D) Semi-quantitative histological lung injury score was evaluated. There was no significant pathology in sham group. A significantly
higher lung injury score was observed in SP-A deficient mice compared to hACE2 transgenic mice with either mSP-A or hSP-A. (E) Viral RNA levels
quantified by RT-qPCR. (F) Representative IHC images of SARS-CoV-2 NP in infected mice with diffuse SARS-CoV-2 antigen within alveolar
airspaces and interstitial, particularly in hACE2 Tg SP-A KO mice (arrows) and NP positive lesions were quantified (G). Bar graphs of absolute
concentrations of TNF-a (H) and IL-6 (I) using ELISA in the lungs of infected and sham mice 6 DPI. Scale bars = 50mm. N = 15-20 mice/group for
body weight and survival studies. Symbols represent data from each individual mouse and bars represents means ± S.E. from 3 independent
experiments. *P<0.05, **P<0.01. #<0.05, ##<0.01, compared between two infected mouse groups. ns = not significant.
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with potential for immune escape, there is the need to rather focus

on host antiviral proteins (23, 34). Moreover, the potential of using

lectins (carbohydrate-binding proteins) has gained huge appeal in

recent times since these molecules interact with relatively conserved

glycoconjugates on viral proteins to mediate their antimicrobial

functions (35). Thus, lectins are less sensitive to loss of function

mutations due to sequence changes in viral surface proteins

required for cellular entry and replication. Interestingly SP-D, a

related collectin, was recently shown to inhibit SARS-CoV-2 entry

and replication in host cells (13, 14). Therefore, we hypothesized

that SP-A can bind to SARS-CoV-2 S protein and this interaction

will attenuate SARS-CoV-2 infectivity and lung pathology in

susceptible host cells and animals.

For the first time, our findings demonstrate that human SP-A can

bind SARS-CoV-2 S protein and RBD in a dose-dependent manner.

The biological significance of SP-A binding to SARS-CoV-2 S protein

was emphasized by its inhibitory effect on viral infectivity in a lung
Frontiers in Immunology 09
epithelial cell line. Compared to RBD, we observed that SP-A

interaction with the S protein is less dependent on calcium ions. The

significantly reduced SP-A binding to RBD observed in the presence of

the calcium ion chelator, EDTA, and binding competitors (sugars),

signifies the involvement of the CRD whose binding capacity to

glycans is dependent on divalent ions like calcium. Notably, the

SARS-CoV-2 RBD is a 223 peptide (amino acid sequence from 319

to 541 of S protein), which might have influenced the capacity of other

regions of the bouquet-shaped SP-A to recognize it (5). Meanwhile, the

calcium-independent binding to the S protein observed in our study is

in line with previous reports of SP-A’s interactions with the

glycoproteins of IAV and HIV (though at low pH) (11, 12). Benne

and colleagues previously showed that SP-A interacts with sialic acids

in the hemagglutinin of IAV through its collagen-like domain (11).

Our finding is novel because SP-A only partially recognized the S

protein of a closely related beta coronavirus, SARS-CoV-1; while SP-D

bound strongly with SARS-CoV-1 S protein (36).
B
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FIGURE 7

Increased SP-A level in the saliva of COVID-19 patients compared to healthy control. (A) Higher total protein concentration in the saliva of COVID-
19 patients (n=40) and healthy controls (n=12). (B) Severe COVID-19 patients have significantly elevated total protein compared to asymptomatic,
mild, and moderately infected patients. (C) Higher SP-A levels in the saliva of COVID-19 patients compared with healthy controls. (D) Upon
stratification, severe patients had significantly reduced SP-A levels compared to mild and moderate patients. *p<0.05, compared between COVID-19
and healthy controls or between two COVID-19 groups.
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Since hACE2-expressing cells are the major targets for SARS-

CoV-2 infection, we tested whether SP-A can interact with hACE2

and the role of SP-A in RBD-hACE2 interaction. We observed a

calcium-dependent binding of SP-A to hACE2. This could indicate

that SP-A also binds to hACE2 through a CRD-dependent

mechanism. Importantly, the observation that SP-A can

competitively attenuate RBD-hACE2 interaction supports the idea

that SP-A may interfere with SARS-CoV-2 interaction with the host

hACE2 receptors.

We next assessed the biological significance of SP-A binding

with SARS-CoV-2 S protein by pre-incubating pseudotyped and

infectious SARS-CoV-2 (Delta) with SP-A before cellular challenge.

The delta variant was used for this experiment and in our infectivity

assays because of the profound pathogenesis induced by this variant

both in the human population and in in vitro and in vivo models of

infection (37–39). In examining the early events that occur upon

SP-A interaction with SARS-CoV-2, we have uncovered that SP-A

binding to SARS-CoV-2 RBD can impair viral binding and entry in

lung epithelial cells, ultimately resulting in low viral load in cells.

Besides the low levels of viruses bound to cells surface at 4°C in the

presence of SP-A, we observed significantly reduced viral RNA in

cells 1 h after infection at 37°C compared to SP-A untreated

controls. At 1 hpi, whatever viral gene detected in cells is

reasoned to have been introduced by the infecting particles and

not a result of viral replication in the infected cells which was

supported by the reduced viral N protein 4 hpi in A549-ACE2 cells

challenged with SP-A pre-treated virus (40). These findings strongly

suggest that the interaction between SP-A and viral S protein may

have obstructed viral attachment to hACE2 on susceptible host

cells, inhibiting SARS-CoV-2 entry as was previously observed with

SP-A binding to HIV gp120 to prevent its interaction with CD4+

cells (12).

However, beyond binding and entry, a viral infection is deemed

successful following genome replication, expression of structural

and non-structural proteins, packaging of viral components, and

release of infectious progeny viral particles. Our RT-qPCR,

immunoblot, and plaque assays all demonstrate the inhibitory

effect of SP-A on SARS-CoV-2 infectivity by the observed low

levels of RNA, NP, and virus titer upon SP-A pre-treatment. The

approximately 10-fold decrease in infectious virus titers and

approximately 50% reduction in viral RNA at 50 µg/ml SP-A is

quite outstanding and we speculate that the reduction in SARS-

CoV-2 binding, and entry by SP-A resulted in the significantly low

levels of virus load in permissive lung epithelial cells as was

previously observed with HCoV-229E, IAV, and RSV upon

treating with collectins (9–11, 41).

This study focused on pre-treating SARS-CoV-2 with SP-A

before cellular challenge and the downstream effects on infectivity.

However, a previous report showed that some lectins are more

potent inhibitors of virus infection when cells are treated with

lectins as against virus treatment before infection (42, 43). Since our

ELISA assays showed that SP-A can recognize hACE2 receptors and

interfere with RBD-hACE2 interaction, further mechanistic studies

to characterize the antiviral effect of SP-A by pre-treating cells

before SARS-CoV-2 challenge and the complexity of such an

interaction merits further studies.
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Using three groups of mice, we evaluated the role of SP-A in

SARS-CoV-2-induced lung damage. First, to remove the mSP-A

gene, we first crossed hACE2/mSP-A Tg (K18) mice with our SP-A

KO mice. Then we bred the characterized hACE2/SP-A KO mice

with our lab’s hTG SP-A1 (6A2) mouse line to generate mice with

both hACE2 and hSP-A1 (6A2) transgenes (double-hTG). Using

this double-hTG mouse line enabled us to have mice that are

susceptible to SARS-CoV-2 infection while also allowing us to

study the role of hSP-A. Our results show that the three mouse

groups are highly susceptible to SARS-CoV-2 infection. However,

compared to K18 and hACE2/6A2 mice, mice deficient in SP-A

quickly succumbed to infection by 6 DPI at 103 PFU as reflected by

the sharp decline in body weight and mortality (> 40%).

Histopathological analysis revealed moderate but comparable lung

pathology in hACE2/6A2 and hACE2/mSP-A (K18) mice, with

severe lung pathology in hACE2 Tg mice deficient in SP-A.

Interestingly, viral load analysis showed a correlation between

high viral titers in the lungs and disease severity: hACE2/SP-A

KO mice had significantly higher viral titers. However, we did not

detect live virus at day 6 pi in our hACE2/6A2 mice even with mean

viral RNA levels reaching 106 copies. The absence of SP-A in the

lungs of SP-A KOmice may have impacted the effective clearance of

SARS-CoV-2 while leaving viral-induced inflammation unchecked

as was previously observed with RSV (18), and demonstrated in our

in vitro studies with lung epithelial cells. A previous study showed

that viral titer peaked in the lungs of K18 mice on day 2 post

infection and declines thereafter in K18 mice (44); supporting our

finding of low infectious titers in our mouse groups 6 DPI.

Interestingly, the same cells i.e. ATII cells that mainly produce

and secrete collectins are also the predominant lung epithelial cells

targeted by SARS-CoV-2 (2, 45). Infection and subsequent damage

of these cells results in decreased production and secretion of lung

collectins, rendering the lung more susceptible to injury (32, 46–48).

The importance of surfactant proteins has been demonstrated by

the routine administration of surfactant-based replacement

therapies in neonates with impaired lung functions (49). Thus, we

assessed the levels of SP-A in the saliva of a subset of COVID-19

patients. Compared to controls, COVID-19 patients had relatively

higher SP-A levels in their saliva, an increase that is suggestive of

SP-A’s innate immune roles during an acute infection prior to the

induction of the adaptive immune response. However, patients with

severe disease had remarkably reduced SP-A levels compared to

moderately and mildly infected patients. We thus speculate that

basal levels of SP-A in salivary mucosal are increased upon SARS-

CoV-2 infection; however, in severe patients, SP-A levels are

remarkably depleted due to reduced expression or more

degradation (50), thus impairing host innate antiviral response. A

dysregulation in essential surfactant protein (SP) genes among

COVID-19 patients has also been observed (51).

A limitation of our study is the small size of human saliva

specimens used in this study, and that we do not know the time

from infection to symptomology and hospitalization among our

study participants and as a result cannot definitively link low SP-A

levels to disease severity. For example, it could be reasoned that

severe patients with low SP-A levels may have been hospitalized

longer and may have had other pre-existing conditions and co-
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infections that could have seriously impacted SP-A levels in their

saliva. Reactive compounds generated during inflammatory

processes have been shown to alter the structure and function of

surfactant proteins. Thus, another limitation of this study is the low

volume of saliva obtained from the COVID-19 patients which has

impacted our ability to conduct further biochemical studies of SP-A

oligomerization and the impact on disease severity. Indeed, SARS-

CoV-2 infection results in profound lymphocytopenia, that can

predispose individuals to secondary infections by otherwise

relatively nonpathogenic and pathogenic bacteria (52). In

addition, there have been several reports of bacterial coinfections

among very severe COVID-19 patients in the ICU (53, 54).

The higher tendency for secondary bacterial infections among

COVID-19 patients might be due to epithelial cell damage and/or

alterations in host innate immune molecules and should be

further investigated.

Several studies have previously shown that levels of collectins

among the general population vary depending on an individual’s

unique SP variant and this could result in differential SP-A levels

(55). Structural and functional changes in surfactant proteins have

been linked to single nucleotide polymorphisms demonstrated to

affect their abilities to bind microbial PAMPs and carbohydrates

(56). These polymorphisms in SP genes may influence their

interactions with SARS-CoV-2 glycoproteins and future research

should focus on elucidating the ability of SP-A variants to interact

with SARS-CoV-2 glycoproteins and the functional roles of the

variants on viral infectivity and pathogenesis both in vitro and in

vivo. Moreover, since several SARS-CoV-2 variants have been

observed with mutations in their S protein demonstrated to

confer resistance to neutralization antibodies (21, 22, 57), it could

mean that changes in S protein can remove or introduce novel N-

and O-glycosylation sites that could potentially make the S protein

more or less sensitive to collectins as observed previously with IAV

strains and SARS-CoV-2 (6, 16, 58, 59). To address this possibility,

further studies should examine mechanistically SP-A interactions

with SARS-CoV-2 variants and the biological significance using

both in vitro and animal models of infection.

In conclusion, these findings demonstrate the mucosal innate

immunity of human SP-A in attenuating SARS-CoV-2-induced

lung injury by interacting with S protein and inhibiting viral

infectivity (Figure 8). These findings supplement current efforts

aimed at developing novel surfactant-based therapies to combat

COVID-19.
Materials and methods

Human SP-A protein

Native human SP-A (hSP-A) was isolated and purified from

bronchoalveolar lavage fluid (BALF) of alveolar proteinosis patients

as described previously (60). The purity of the SP-A preparation was

confirmed by SDS-PAGE followed by silver staining and then filtered

through a 0.2-micron filter to remove potential contaminants.
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Cells and viruses

HEK293T-ACE2+TMPRSS2 (human embryonic kidney cell

line overexpressing both human ACE2 and TMPRSS2 genes) and

A549-ACE2 (human lung carcinoma epithelial cell overexpressing

human ACE2, BEI Resources, NIAID) and Vero E6 cells (BEI

resources, NIAID) were cultured and maintained in GlutaMax

Dulbecco’s modified Eagle’s medium (DMEM) containing 1g/L

D-glucose and 110mg/L sodium pyruvate supplemented with 10%

(v/v) fetal bovine serum (FBS) and 1% (v/v) antibiotic (100U/mL of

penicillin and 100µg/mL of streptomycin, Gibco) at 37°C and 5%

CO2 atmosphere. SARS-CoV-2 (B.1.617.2, 1.8×106 PFU/ml, P3)

used in this study was obtained from the World Reference Center

for Arboviruses (WRCEVA) and was propagated in Vero E6 cells

under BSL-3 containment conditions. Plaque forming assay (PFU)

was performed to determine viral titer.
Generation of hACE2 and TMPRSS2-stably
expressing HEK-293T cells

HEK293/ACE2/TMPRSS2 cell line, which is stable-producing

human ACE2 and co-receptor, TMPRSS2, is a kind gift from Dr.

Marc C Johnson of University of Missouri (61).
Production of luciferase- and GFP-tagged
pseudotyped particles

SARS-CoV-2 S protein gene expressing cDNA (gift from Dr.

Marc Johnson, University of Missouri School of Medicine) was used

to pseudotype Feline immunodeficiency virus (FIV) expressing
FIGURE 8

A diagram of SP-A interaction with S protein and human ACE2
receptor resulting in a significant decrease in SARS-CoV-2
infectivity. The SARS-CoV-2 spike protein can be recognized by
human SP-A resulting in viral particle aggregations and reduced
interactions of virus and host cell ACE2 receptors. Human SP-A also
directly interacts with the human ACE2 receptor, reducing binding
of SARS-CoV-2 RBD to hACE2, and subsequently diminishing viral
entry and infectivity in susceptible host cells.
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luciferase (ScV2 S-FIV-mCherry/Luc) or green fluorescent protein

(ScV2 S-FIV-GFP) by using previously described methods (61, 62).
Animal models

The mice used in this study were bred and maintained in the

animal core facility at SUNY Upstate Medical University. Mice were

housed in temperature-controlled room at 22°C under specific

pathogen-free conditions. 8–24 weeks old male and female mice

were used in this study. The animal experiments were approved by

the Institutional Animal Care and Use Committee of the SUNY

Upstate Medical University with protocol #507 and were performed

according to the National Institutes of Health and ARRIVE

guidelines on the use of laboratory animals. The original hACE2/

mSP-A (K18) mice were purchased from Jackson Laboratories (Bar

Harbor, ME). K18 mice are highly susceptible to SARS-CoV-2

infection with similar pathological outcomes as seen in mild to

moderate COVID-19 patients. However, K18 mice have mouse SP-

A (mSP-A) background. To study the role of human SP-A (hSP-A),

we generated mice with both hACE2 and hSP-A background

(double humanized transgenic (double-hTG) mice expressing

hACE2 and a single gene variant of hSP-A1 (6A2) without mouse

SP-A background by breeding with our previously generated hTG

SP-A mice. Briefly, we first crossed K18 (hACE2/mSP-A) mice that

are hemizygous for the hACE2 transgene with our human SP-A

knockout (KO) mice to remove mSP-A gene. Genotyping was

performed after each filial generation. Subsequently, we crossed

the hACE2/SP-A KO mice with hSP-A1 (6A2 variant) to generate

double-hTG mice with hACE2 and hSP-A transgenes. We

examined hACE2 and hSP-A1 (6A2) genes in the mice by PCR

genotyping analysis using DNAs isolated from mouse tail biopsy

and analyzed lung SP-A expression by Western blotting. This

double-hTG (hACE2/hSP-A1 (6A2) variant alongside hACE2/SP-

A KO and hACE2/mSP-A (K18) mice were used for subsequent

challenge studies with SARS-CoV-2 delta variant.
Mouse infection and sample processing

SP-A hTG mice, including hACE2/SP-A KO and hACE2/mSP-

A (K18) mice were anesthetized using isoflurane and infected

intranasally (i.n.) with 30 µl (15 µl/nose) of virus suspension

containing 1× 103 PFU of SARS-CoV-2 (delta variant) in 1X

MEM. Control (SHAM) mice were inoculated with 30 µl 1X

MEM. Mice were sacrificed by anesthesia and exsanguination at 6

dpi to obtain lung samples for viral load analysis by RT-qPCR and

plaque assay while some mice (whole body) were fixed for 7 days in

10% neutral buffered formalin (NBF) for further analysis. We used a

to t a l o f 7 mice (n=7) pe r g roup fo r h i s to log i c a l ,

immunohistochemical and viral load analyses. After viral

infection, mice were observed daily for morbidity (body weight)

and mortality (survival). Mice showing >25% decrease in their

initial body weight were defined as reaching experimental endpoint

and euthanized.
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Briefly, mock and SARS-CoV-2 infected mouse groups were

anesthetized with isoflurane. After transcardial perfusion with 3 mL

NBF, the lungs from SARS-CoV-2 infected groups were inflation-

fixed using tracheal instillation of 1 mL NBF. Mouse whole bodies

were dissected along the abdomen (n=7/group) and fixed in

formalin for 7 days to completely inactivate virus before

histological and immunohistochemical analysis. Lungs from a

subset of mice were harvested (n= 7/group) and frozen

immediately at -80 °C for further processing. The lungs were

weighed and homogenized in cold PBS and then centrifuged at

21130 RCF for 5 mins and supernatants were collected for viral load

analysis using RT-qPCR and plaque assay.
Lung histopathological analysis

Fixed lung tissues were embedded in paraffins as described

previously (44) with some modifications. About 5 µm sections of

lung tissues were cut and stained with Hematoxylin and Eosin

(H&E) for light microscopic examination. Histopathological was

assessed by two independent pathologists. Lung injury was scored

using a 0-2 scale by counting neutrophils in the alveolar space,

neutrophils in the interstitial space, hyaline membranes,

proteinaceous debris filling the airspaces, and alveolar septal

thickening as described by (63, 64).
Immunohistochemistry

Immunohistochemistry was analyzed as previously described by

(44), with some modifications. Sections were deparaffinized in an

oven at 60°C for 1 h and rehydrated sequentially with 100%, 95%,

80%, 70% and 50% ethanol. Sections were rinsed 2 times in

deionized water and epitope retrieval was carried out by boiling

in 10 mM citrate (pH 6.0) for 9 mins followed by cooling for 20

mins at room temperature. Nonspecific background staining was

blocked with 10% BSA in PBS for 1 h at room temperature before

incubating the slides at 4°C overnight with SARS-CoV-2 NP rabbit

antibody (cell Signaling, #33336S; 1:100). The following day, after

several washes, the sections were incubated with biotinylated goat

anti-rabbit antibody for 1 h (1:200), followed by ABC/HRP complex

(Vectastain ABC kit, peroxidase rat IgG PK-4004, and peroxidase

rabbit IgG PK-4001; Vector Laboratories). Staining was visualized

using 3’3-diaminobenzidine (DAB) (SK-4100; Vector Laboratories)

for 3-5 mins and counterstained with hematoxylin (H-3404-100)

(QS counterstain). Images were acquired using Nikon Eclipse

TE2000-U microscope (Nikon Corporation, Tokyo, Japan).
ELISA assay

Polystyrene microtiter plates were coated with 1 µg/ml

recombinant SARS-CoV-2 spike protein produced in HEK293T

cells (10549-CV-100, R&D Systems and Biotech, NE, MN, USA)

while some plates were coated with 50 ng/ml SARS-CoV-2 S protein
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RBD or Biotinylated hACE2 (0.2 µg/ml) (EP-105; AcroBiosystems,

Newark, USA) overnight at 4°C in sodium carbonate buffer (pH

9.6). The S protein has mutations that ensure its prefusion

conformation. After coating, the plates were washed four times

with TBST (pH 7.4-7.6) and blocked with 3% BSA diluted in TBS

buffer for 1:30 mins at room temperature (RT). Then we added a

series of two-fold dilutions of purified human SP-A (0-10 µg/ml,

100µl/well) in TBST containing either 5 mM CaCl2 (Sigma-Aldrich,

Saint Louis, MO, USA) or 10 mM EDTA (Sigma-Aldrich) and

incubated at room temperature for 1 h. The wells were washed 4

times and incubated with SP-A IgG polyclonal antibody (1:1000) at

room temperature for 1 h with slight shaking and SP-A-S protein or

SP-A-RBD complexes were detected by adding HRP-conjugated

Goat Anti-rabbit IgG (1:2000, Bio-rad, Hercules, USA) for an

additional 1 h. The absorbance (450 nm) of individual wells was

quantified using a spectrophotometer (Multiscan Ascent,

Labsystem; Fisher Scientific, NH, USA). Experiments were carried

out in duplicates from three independent experiments.
Competition assay

SP-A (10 µg/ml) was incubated simultaneously in a buffer

containing 10 mM each of either maltose, mannose, galactose, or

N-acetylglucosamine for 1 h in plates previously coated with either

S protein (1 µg/ml) or RBD (50 ng/ml, VANC00B, R&D Systems).

As a control, SP-A was incubated in a 5 mM CaCl2-containing

buffer without sugars. In another experiment, SP-A (10 µg/ml) was

simultaneously incubated with 10 µg/ml biotinylated ACE2 in wells

previously immobilized with SARS-CoV-2 RBD. Bound SP-A-S

protein and/or RBD was detected with SP-A IgG polyclonal

antibody (1:1000) and bound biotinylated ACE2 and RBD in the

presence or absence of SP-A was detected by incubating with

Streptavidin-HRP (VANC00B, R&D Systems) for 1 h at room

temperature and developed as described above. All analyses were

carried out in duplicate (n=3).
Pseudotyped virus entry assay in the
presence of human SP-A

HEK293T-ACE2+TMPRSS2 and A549-ACE2 cells were seeded

in 24-well plates to obtain confluency after a 24 h culture.

Luciferase- and GFP-tagged SARS-CoV-2 pseudotyped viral

particles (MOI: 5; with wildtype (WT) S protein on their surface)

were pre-incubated with varying concentrations of SP-A (0 to 50

µg/ml) in 1X MEM containing 5mM CaCl2 buffer for 1 h at RT.

Cells were washed with 1X MEM and virus-SP-A mixture

inoculated onto confluent cell monolayers and incubated at 37°C

for another 2 h in a 5% CO2 incubator. Following this, the virus-

protein mix was removed and fresh medium containing 2% FBS in

DMEM (500 ml/well) was added to the cells and incubated at 37°C

for another 48 h. To measure luciferase intensity in cells, the cells

were washed gently with sterile PBS and lysed by incubating in cell

culture lysis buffer for 15 mins at room temperature with slight
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shaking, and Firefly luciferase activity (RLU) was measured using

Luciferase Assay System (E1500 kit, Promega, Madison, WI, USA).

For GFP expression analysis, cells were mounted on coverslips and

GFP intensity in the cells was observed by Nikon Eclipse TE2000-U

microscope (Nikon Corporation, Tokyo, Japan), and GFP-

expressing cells were quantified using the Image J software.
SARS-CoV-2 (delta variant) binding, entry,
and infectivity assays in the presence of
human SP-A

Binding assays was performed by pre-incubating infectious

SARS-CoV-2 (B.1.617.2) with human SP-A for 1 h before

inoculating pre-chilled A549-ACE2 cells with virus/protein mixture

at 4°C for 2 h to allow virus binding to the cell surface. The cells were

washed four times with cold PBS to remove unbound viral particles.

Total RNA was isolated, and the amount of virus on cells was

quantified by RT-qPCR. For entry assays, after 2 h incubation of

SP-A + virus mixture at 4°C, the cells were washed, and fresh media

was added and shifted to 37°C for 1 h to allow virus entry into cells.

Then the cells were washed and treated with proteinase K (1 mg/ml)

to remove attached viral particles on the cell surface and the amount

of internalized viral particles was quantified by RT-qPCR. To further

assess the role of SP-A in SARS-CoV-2 entry and infectivity, we pre-

incubated virus with SP-A (0 to 50 mg/ml) for 1 h before inoculating

confluent A549-ACE2 cells with the virus + protein mixture for 2 h at

37°C (MOI= 0.05), unbound virus was washed, and fresh growth

media added, and cells incubated at 37°C and cells and supernatant

collected at 4 h and 24 hpi and viral RNA, protein and titer in cells

and supernatant analyzed.
Plaque assay

The potential antiviral activity of human SP-A against SARS-

CoV-2 infectivity in vitro and in vivo was detected by plaque assay

in Vero E6 cells. Viral titer was quantified using supernatants from

SARS-CoV-2 infected lung homogenates. In vitro, viral titer was

quantified in 24 h cell culture media from A549-ACE2 cells

inoculated with SP-A + SARS-CoV-2 as previously described

(65). Briefly, Confluent monolayers of Vero E6 in 24-well plates

were infected with 10-fold serial dilutions of supernatants from each

group at the indicated concentrations of SP-A (see results). The cells

were cultured for 1 h with intermittent rocking. The unbound virus

was removed and overlayed with 2% methylcellulose and cultured

for another 72 h. Upon the development of plaques, cells were fixed

with 10% formalin for 1 h and stained with 0.05% (w/v) crystal

violet in 20% methanol and plaques were counted.
Immunoblotting analysis

Cells were lysed with RIPA buffer (ThermoFisher Scientific,

Rockford, IL) containing a cocktail of protease and phosphatase

inhibitors (Roche, Indianapolis, IN). Total protein in cell lysates
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obtained at 4 hpi (to assess SP-A’s role in SARS-CoV-2 entry) and

24 hpi (to elucidate the effect of SP-A on viral infectivity) was

determined using the BCA protein assay kit (ThermoFisher

Scientific). Five micrograms of total protein were resolved by

SDS-PAGE on a 10% gel under reducing conditions and

transferred to PVDF membranes (Bio-Rad). The blots were

blocked in TBS containing 5% non-fat milk for 30 mins and

incubated with SARS-CoV-2 nucleocapsid protein antibody

(1:1000, NB100-56576, Novus Biological, CO, USA) overnight at

4°C. As a loading control, blots were stripped and re-probed with b-
actin (1:1000, ab-16039, Abcam, MA, USA). Subsequently, the

membranes were incubated with goat anti-rabbit IgG HRP-

conjugated secondary antibody (Bio-Rad) and developed using

ECL Western Blotting Substrate (ThermoFisher Scientific).
Real-time quantitative PCR

Total RNA was isolated from homogenized lung tissues and from

cell lysates using the Quick-RNA extraction miniprep kit (# R1055

Zymo Research, CA, USA) following the manufacturer’s instructions

and RNA concentration was determined by the nanodrop machine

(ThermoFisher Scientific). Real-time RT-qPCR was performed using

the AB StepOnePlus Detection System and the one-step kit RT-PCR

Master Mix Reagents (#64471423, Biorad). Reaction mixtures were

prepared according to the manufacturer’s instructions. In brief,

purified RNA (30 to 100 ng) was added into a 20 µl total volume

of real-time PCR mix buffer containing forward/reverse primer pairs

(forward, AGCCTCTTCTCGTTCCTCATCAC; reverse,

CCGCCATTGCCAGCCATTC; each 500 nM) targeting SARS-

CoV-2 N1 gene and a probe (250 nM, FAM) and other reagents

provided by the manufacturer. The one-step q-RTPCR was carried

out through one cycle of reverse transcription at 55°C for 10 mins

followed by 40 cycles of amplification at 95°C for 3 mins, 95°C for 15

s, and 55°C for 1 min. The data from in vitro experiments were

analyzed as fold change in CT values compared to SP-A untreated

samples using the 2-ddCt method. SARS-CoV-2 copy numbers in lung

tissues was quantified using SARS-CoV-2 RNA standards to enable

the determination of copy number of at least 10 copies per reaction as

described by Wrinkler et al. (66).
Determination of total protein and SP-A
levels in human saliva specimens

Saliva samples from 40 hospitalized COVID-19 patients and 12

healthy individuals were collected following SUNY Upstate Medical

University IRB approval (IRB protocol # 2020-E) and SP-A level

was assessed by ELISA as previously described (67). First, the total

protein concentration of the individual saliva samples was analyzed

using micro-BCA method (26). Following this, 5 µg/ml of

individual saliva samples and purified human SP-A as a standard

(0 to 0.05 µg/ml) were coated overnight on microtiter wells.

Subsequently, the SP-A level was determined by measuring the

absorbance as described (67). All analyses were carried out in

triplicate in three independent experiments.
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Statistical analysis

All experimental data are presented as mean ± standard error

and statistically analyzed using GraphPad Prism 8.0 (GraphPad

Software, San Diego, CA, USA). Comparisons between two

independent groups were performed using Student’s t-test or

multiple groups using one-way ANOVA. The survival analysis of

mice in this study was performed with Kaplan-Meyer survival

curves and evaluated statistically by the log-rank test. Shapiro-

Wilk test was performed to determine normality and to evaluate the

distribution of our data. Data were considered statistically

significant when P<0.05.
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