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Editorial on the Research Topic

Updates on the role of surfactant proteins A and D in innate
immune responses
Surfactant proteins A (SP-A) and D (SP-D) are collagen-containing calcium-dependent

lectins, serving as soluble innate immune molecules. They maintain pulmonary and

extrapulmonary homeostasis through their multiple roles as anti-infectious,

immunomodulatory, and anti-cancer agents. These proteins bind to target ligands on

pathogens, allergens, tumor and apoptotic cells, bringing about the effector functions via their

interaction with cell surface receptors, enhancing target clearance from mucosal entry points

and modulating the inflammatory response. Recombinant molecules of SP-A and SP-D may

represent potential therapeutic strategies, with their actions aiding the blockade of viral, bacterial,

and fungal infections and their immunomodulatory capacity to prevent excessive inflammatory

responses. The eleven original research manuscripts of this themed collection highlight recent

achievements regarding the role of SP-A and SP-D in innate immune responses.

Four of the articles relate to lung alveolar cells, including alveolar macrophages

(AMs) which are the main cells involved in SP-A/D-mediated immune response in the

lung. The first study by Wang et al. demonstrated that intratracheal spraying of

engineered nanomaterials (ENMs) of four different types (fullerene, carbon nanotubes,

titanium or silicon dioxides) induced inflammation in the rat lung, most of the

administered ENMs being phagocytosed by AMs. In vitro analyses in the presence of

rat bronchoalveolar lavage fluid (BALF) revealed that SP-A/D opsonized all tested ENMs

and enhanced their phagocytosis by AMs through CD14 whereas cytokine production

was dependent on the type of ENM phagocytosed. SP-A/D, therefore, play an important

role by opsonizing inhaled nanoparticles, thereby contributing to decreased lung toxicity.

Two contributions from the group of J. Floros investigated changes in the toponome of

AMs and in themiRNome of lung alveolar cells (LACs) of SP-A knockout (KO)mice following

Klebsiella pneumoniae exposure. Phelps et al. employed the toponome imaging system (TIS)

with serial immunostaining of cells for the localization of multiple markers, allowing

characterization of multi-protein clusters, referred to as Combinatorial Molecular Phenotypes
frontiersin.org01
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(CMPs). They reported a decrease of CMPs exclusive to infectedAMs

in KO mice, which may underlie the susceptibility of these mice to

infection. In addition, both KO groups (infected and non-infected)

exhibited more exclusive CMPs than the corresponding WT groups,

suggesting that SP-A may participate directly to CMP formation

through interactions with various cell surface molecules. As

underlined by the authors, future studies will require exploration of

CMP differences by using additional markers and/or by influencing

specific markers by exogenous SP-A treatment. Thorenoor and

Floros studied the role of exogenous SP-A rescue on the regulation

of the LACs miRNome, the targets of miRNA-RNA, and the gene

expression in SP-A-KO infected male and female mice. All analyses

reveal sex differences and involvement of the miRNA-RNA targets in

inflammation, anti-apoptosis and cell cycle pathways. The gene

expression profiles identify the TNF, cell cycle, and TP-53 (known

to play a role in cancer) signaling nodes under the studied conditions.

These findings are relevant to be considered for the potential

therapeutic use of SP-A in pulmonary diseases.

The fourth study by Garcia-Fojeda et al. focused on SP-A-

dependent signaling pathways that enhanced IL-4 mediated

activation of tissue repair program in AMs. They showed that

SP-A activated PI3K-Akt dependent signaling pathways and

contributed to increased proliferation and alternative activation

of AMs. In addition, SP-A and IL-4 synergistically enhanced

mitochondrial respiration and glycolysis in AMs. The signaling

events that drive the SP-A-dependent amplification of IL-4 effects

on AMsmay aid in the development of new approaches to control

lung diseases caused by exaggerated repair responses.

Understanding on the genetic basis of the role of SPs in lung

diseases and infections has been enhanced by three studies. A

contribution by Abbasi et al. compared single nucleotide

polymorphisms (SNPs) of SP genes in two interstitial lung

diseases, Idiopathic Pulmonary Fibrosis (IPF) and

Hypersensitivity Pneumonitis (HP), in previously described

Mexican study groups. Novel computational models were used to

assess the epistatic effects of SNP-SNP interactions in both the

diseases. The results show that IPF andHP are associated with some

common SP genetic variants, suggesting shared pathophysiological

mechanisms. However, one of the SNP interactions involving the

SFTPA1, SFTPA2 and SFTPD genes is associated with a disease-

specific outcome, suggesting that specific interactions may serve as

markers to distinguish between epithelial-driven fibrosis (IPF) and

inflammatory-driven fibrosis (HP).

To understand if the genetic heterogeneity of SP-A is the

reason for its dysfunctionality in asthma, Francisco et al., evaluated

the functional significance of a single nucleotide polymorphism

within the carbohydrate recognition domain of Surfactant Protein-

A2 (SP-A2), which results in an amino acid substitution at position

223 from glutamine (Q) to lysine (K). With strong evidences of

higher anti-asthmatic potential of SP-A 223Q in the asthmatics,

humanized mice and the primary bronchial epithelial cells from

asthmatics, the authors developed 10 and 20 amino acid peptides

of SP-A2 spanning position 223Q and the exogenous
Frontiers in Immunology 02
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administration of SP-A 223Q peptides significantly lowered

eosinophilic inflammation, mucin production and airways

hyperresponsiveness in a house dust mite model of asthma,

protect from lung function decline during an IL-13 challenge

model in mice, and decrease IL-13-induced MUC5AC gene

expression in primary airway epithelial cells from asthmatics.

Depicolzuane et al., tested the hypothesis that RSV severity in

infants is associated with single nucleotide polymorphisms (SNPs) of

surfactant proteins (SPs) in a prospective cohort of 405 RSV-positive

children classified into moderate and severe. Increased risk of severe

disease was associated with rs1059047_C of the SFTPA1 whereas the

rs17886395_C of the SFTPA2 and rs2243639_A of the SFTPD were

associated with protection. Importantly, the risk to severity was not

associated with SNPs of hydrophobic SFTPB and SFTPC.

Two studies investigated the role of SP-A and SP-D in host

defense against SARS-CoV-2. Hsieh et al., provided in vitro evidences

for the protective role of rfhSP-D against SARS-CoV-2 infection.

With a dose-responsive binding to S1 spike protein of SARS-CoV-2

and its receptor binding domain, rfhSP-D significantly inhibited

interaction of S1 protein with the hACE2 overexpressing HEK293T

cells. A ~0.5 RLU fold reduction in the entry of pseudotyped lentiviral

particles validated the therapeutic potential of rfhSP-D.

Aramyan et al., utilized a hybrid quantum and classical in

silico modeling technique that utilized protein graph pruning and

indicated that SP-A may ligate the S protein with a similar affinity

to the ACE2-Spike binding. With the high affinity SP-A binding

site localized to the fusion region of the SARS-CoV-2 S protein,

responsible for viral entry, the authors speculate that SP-A may

not directly compete with ACE2 for the binding site on the S

protein, but may interfere with viral entry to the cell by hindering

necessary conformational changes or the fusion process.

To explore a novel solution to the growing problem of

multidrug-resistant bacteria, Coya et al., investigated the

therapeutic impact of human SP-A and a recombinant trimeric

fragment (rfhSP-A) together with antibiotics against pathogenic

Gram-negative bacteria. SP-A directly interacted with polymyxin

B and showed synergistic microbicidal activity with polymyxin B

and E against three SP-A-resistant pathogenic bacteria: Klebsiella

pneumoniae, non-typable Haemophilus influenzae (NTHi), and

Pseudomonas aeruginosa facilitated by the formation of SP-A/

PMB aggregates and enhanced bacterial membrane

permeabilization. A molecular derivative of PMB lacking the

acyl chain (PMBN) with binding ability but no bactericidal

activity showed synergistic bactericidal activity against Gram-

negative bacteria along with SP-A. The trimeric rfhSP-A

fragment had relatively lower but significant direct bactericidal

activity against K. pneumoniae, NTHi, and P. aeruginosa.

Novel anti-tumoral immune mechanisms of SP-D in prostate

cancer (PCa) have been elucidated by Ganguly et al.. These are

suggestive of transformation of an immunologically “cold

tumour” into a “hot tumour”, thereby implicating possible

synergistic potential of recombinant fragment of human SP-D

(rfhSP-D) along with the immune check point inhibitor therapy.
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Decreased expression and increased proteolytic degradation of

SP-D was observed in early and advanced stages of PCa in the

transgenic adenocarcinoma of mouse prostate (TRAMP) model

associated with increased serine proteases producing granulocytes

and polymorphonuclear myeloid-derived suppressor cells (PMN

MDSCs). Importantly, treatment of ex-vivo cultured TRAMP

tumours with rfhSP-D and elastase inhibitor, Sivelestat led to

polarization towards M1 macrophages with downregulation of

PMN MDSCs and enhanced immunogenic cell death.

To summarise, this Research Topic provides much enhanced

knowledge of the impact of SPs and their genetic heterogeneity on

lung immunity and infections and on the immune component of

prostate tumour microenvironment strengthening the premise of

clinical application of SPs in various pulmonary diseases

and cancer.
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Human Surfactant Protein D Binds
Spike Protein and Acts as an Entry
Inhibitor of SARS-CoV-2
Pseudotyped Viral Particles
Miao-Hsi Hsieh1,2,3, Nazar Beirag4, Valarmathy Murugaiah4, Yu-Chi Chou5,
Wen-Shuo Kuo2, Hui-Fang Kao2,6, Taruna Madan7, Uday Kishore4*
and Jiu-Yao Wang2,3,8*
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Cheng Kung University, Tainan, Taiwan, 3 Department of Pediatrics, College of Medicine, National Cheng Kung University
Hospital, Tainan, Taiwan, 4 Biosciences, College of Health, Medicine and Life Sciences, Brunel University London,
Uxbridge, United Kingdom, 5 Biomedical Translation Research Center (BioTReC), Academia Sinica, Taipei, Taiwan,
6 Department of Nursing, National Tainan Junior College of Nursing, Tainan, Taiwan, 7 Department of Innate Immunity,
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University, Taichung, Taiwan

Human SP-D is a potent innate immune molecule whose presence at pulmonary mucosal
surfaces allows its role in immune surveillance against pathogens. Higher levels of serum
SP-D have been reported in the patients with severe acute respiratory syndrome
coronavirus (SARS-CoV). Studies have suggested the ability of human SP-D to recognise
spike glycoprotein of SARS-CoV; its interaction with HCoV-229E strain leads to viral
inhibition in human bronchial epithelial (16HBE) cells. Previous studies have reported that
a recombinant fragment of human SP-D (rfhSP-D) composed of 8 Gly-X-Y repeats, neck
and CRD region, can act against a range of viral pathogens including influenza A Virus and
Respiratory Syncytial Virus in vitro, in vivo and ex vivo. In this context, this study was aimed
at examining the likely protective role of rfhSP-D against SARS-CoV-2 infection. rfhSP-D
showed a dose-responsive binding to S1 spike protein of SARS-CoV-2 and its receptor
binding domain. Importantly, rfhSP-D inhibited interaction of S1 protein with the HEK293T
cells overexpressing human angiotensin converting enzyme 2 (hACE2). The protective role
of rfhSP-D against SARS-CoV-2 infection as an entry inhibitor was further validated by the
use of pseudotyped lentiviral particles expressing SARS-CoV-2 S1 protein; ~0.5 RLU fold
reduction in viral entry was seen following treatment with rfhSP-D (10 µg/ml). These results
highlight the therapeutic potential of rfhSP-D in SARS-CoV-2 infection and merit pre-clinical
studies in animal models.

Keywords: innate immunity, SARS-COV-2, spike protein, human pulmonary collectins, surfactant protein D,
angiotensin converting enzyme 2
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INTRODUCTION

Human surfactant protein D (SP-D), a collagen-containing
C-type lectin and a member of the collectin family, is known
to be involved in pulmonary surfactant homeostasis and
immunity (1). SP-D is primarily synthesized and secreted into
the air space of the lungs by alveolar type II and Clara cells (2, 3).
Its primary structure is organized into four regions: a cysteine-
rich N-terminus, a triple-helical collagen region composed of
Gly-X-Y triplets repeats, an a-helical coiled neck region, and a
C-terminal C-type lectin or carbohydrate recognition domain
(CRD) (1). As a versatile innate immune molecule, SP-D can
interact with a number of pathogens, triggering clearance
mechanisms against viruses, bacteria, and fungi, as well as and
apoptotic cells (4).

Direct interaction of SP-D with a range of viruses results in
viral neutralization, and induction of phagocytosis in vitro (5, 6).
Anti-viral activity of human SP-D against Influenza A Virus
(IAV) infection has been reported. SP-D binds haemagglutinin
(HA) and neuraminidase (NA) glycoproteins of IAV, and
inhibits hemagglutination at initial stages of the infection (7).
A recombinant fragment of human SP-D (rfhSP-D), composed
of homotrimeric neck and CRD region, was also shown to bind
HA, NA and Matrix 1 (M1) protein of IAV, and act as an entry
inhibitor of IAV infection on A549 lung epithelial cells (8).
Furthermore, SP-D binds to gp120 and inhibits HIV-1
infectivity and replication (9) in U937 monocytic cells, Jurkat
T cells and PBMCs, in addition to suppressing HIV-1 triggered
cytokine storm (10). Higher levels of serum SP-D have been
detected in patients infected with severe acute respiratory
syndrome (SARS) coronavirus (SARS-CoV) (11). SARS-CoV
spike glycoprotein is recognized by SP-D (12). Interaction
between SP-D and HCoV-229E, another coronavirus strain,
leads to inhibition of viral infection in human bronchial
epithelial (16HBE) cells (13).

SARS coronavirus 2 (SARS-CoV-2) is an enveloped b-
coronavirus, belonging to the Coronaviridae family of viruses,
and is genetically close to SARS-CoV (~80% sequence similarity)
and bat coronavirus RaTG13 (96.2%) (14, 15). The envelope of
SARS-CoV-2 is coated by the spike (S) glycoprotein, a small
envelope (E) glycoprotein, membrane (M) glycoprotein,
nucleocapsid (N) protein, and several putative accessory
proteins (15–17). The SARS-CoV-2 mediates its entry into the
host cell using the S1 sub-unit of the S glycoprotein by binding to
angiotensin-converting enzyme 2 (ACE2) receptor (18).
However, viral entry into the host cells requires not only
binding to the ACE2 receptor, but also priming of the S
protein by a transmembrane protease serine 2 (TMPRSS2) via
cleavage of the S protein at S1/S2 sites (19). This cleavage is very
crucial for the virus-host cell membrane fusion and cell entry
(20). Following viral replication, assembly, and release, the
infected host cells undergo pyroptosis, thus, releasing Damage-
Associated Molecular Patterns (DAMPs) (21). DAMPs are then
recognised by surrounding macrophages and monocytes that
respond to viral infection by inducing cytokine storm (22).
However, in some cases, an impaired or dysregulated immune
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response can also occur, causing an Acute Respiratory Distress
Syndrome (ARDS) (23, 24).

Designing and developing new anti-viral therapeutic
strategies are crucial for treating SARS-CoV-2. The likely anti-
viral effects of immune-surveillance molecules like SP-D have
not been well investigated in SARS-CoV-2 infection. Since
rfhSP-D has been shown to inhibit viral infection and
replication of IAV and HIV-1, this study was aimed at
investigating whether rfhSP-D can interfere with the binding
of SARS-CoV-2 S1, and receptor binding domain (RBD) of
SARS-CoV-2 with ACE-2. The ability of rfhSP-D to inhibit
infection of SARS-CoV-2 was examined using pseudotyped
lentiviral particles expressing SARS-CoV-2 S1 protein.
MATERIAL AND METHODS

Expression and Purification of rfhSP-D
DNA sequences coding for 8 Gly-X-Y repeats of collagen region,
a-helical neck and CRD region of human SP-D were cloned
under T7 promoter and expressed in Escherichia coli BL21
(lDE3) pLysS using construct pUK-D1 (25, 26). Primary
bacterial inoculum (25 ml) was grown in Luria-Bertani (LB)
medium (500 ml) with 34 mg/ml chloramphenicol and 100 mg/ml
ampicillin (Sigma-Aldrich) at 37°C until an OD600 of 0.6 was
reached. Following isopropyl b-D-thiogalactoside (IPTG)
(0.5mM) induction, the transformed E. coli cells were grown
further for another 3 h at 37°C on a shaker. The bacterial cells
were harvested by centrifugation (5000 rpm, 4°C, 10 min), and
the cell pellet was re-suspended in lysis buffer containing 50 mM
Tris−HCl, pH 7.5, 200 mM NaCl, 5 mM EDTA, 0.1% v/v Triton
X-100, 0.1 mM phenylmethane sulfonyl fluoride (PMSF) (Sigma-
Aldrich), and 50 mg lysozyme/ml (Sigma-Aldrich) at 4°C for 1 h.
The lysed cell lysate was then sonicated at 60 Hz for 30 sec with
an interval of 2 min (12 cycles) using a Soniprep 150 (MSE,
London, UK), followed by centrifugation (12,000 rpm, 15 min).
The inclusion bodies were denatured using buffer (50 ml)
containing 0.5 M Tris−HCl, 0.1 M NaCl, pH7.5 and 8 M urea
for 1 h at 4°C. The soluble fraction was dialysed against the same
buffer containing varied concentration of urea (4 M, 2 M, 1 M, 0
M) for 2 h each. The refolded material was then dialysed against
affinity buffer (50 mM Tris−HCl, pH7.5, 100 mM NaCl, 10 mM
CaCl2) for 2 h at 4°C. The affinity buffer dialysed supernatant was
then loaded on to a maltose-agarose column (5 ml) (Sigma-
Aldrich); the bound rfhSP-D was eluted using elution buffer
containing 50 mM Tris−HCl, 100 mM NaCl, and 10 mM EDTA.
Purified rfhSP-D was run on SDS-PAGE to assess its purity. LPS
was removed using Endotoxin Removal Resin (Sigma-Aldrich).
LPS level was determined using QCL-1000 Limulus amebocyte
lysate system (Lonza) and found to be < 5 pg/mg of rfhSP-D.

ELISA
Polystyrene microtiter plates (Sigma-Aldrich) were coated with
SARS-CoV-2 spike S1 protein (NativeAntigen S1. NCBI
accession number YP_009724390.1 AA1-674, produced in
HEK 293 cells; Acro, AA Val 16 - Arg 685, accession #
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QHD43416.1, produced in HEK 293 cells) or RBD (Acro,
Arg319-Phe541, accession #QHD43416.1, produced in HEK
293 cells) (27) (5 µg/ml, 100 µl/well) at 4°C overnight using
carbonate/bicarbonate (CBC) buffer, pH 9.6 (Sigma-Aldrich).
The following day, the microtiter wells were washed three times
with Tris Buffered Saline-Tween (TBST, pH 7.2-7.4) containing
0.05% v/v Tween 20 (Sigma-Aldrich) and 5mM CaCl2 (Thermo
Fisher Scientific). The wells were then blocked by TBS containing
1% w/v BSA and 5mM CaCl2, for 1 h. After washing three times
with TBST, the wells were incubated with two-fold dilutions of
rfhSP-D or recombinant human full-length SP-D (hFL-SP-D,
R&D, 1920-SP, produced in HEK 293 cells) protein (100ml/well)
in the blocking buffer at 4°C overnight. Next day, the wells were
washed and then incubated with biotinylated mouse anti-Human
SP-D detection antibody (1:180) (R&D Systems) for 2 h at room
temperature. After washing, the wells were incubated with
Streptavidin horseradish peroxidase (HRP)-conjugate (1:40;
R&D System) for 20 min, followed by washing three times.
TMB substrate (100 ml/well; Thermo Fisher Scientific) was added
to each well and the reaction was stopped using 1M H2SO4

(50 ml/well; Sigma-Aldrich). Absorbance at 450nm were
measured by VersaMax™ ELISA Microplate Reader.

Competition ELISA
Polystyrene microtiter plates were coated with 2 µg/ml rfhSP-D
(100 µl/well) at 4°C overnight using CBC buffer and washed
three times with TBS buffer containing 0.05% v/v Tween 20 and
5mM CaCl2. The wells were blocked with TBS containing 1%
BSA and 5mM CaCl2 for 1h. The wells were then washed three
times and incubated with SARS-CoV-2 spike S1 protein (sheep-
IgG tag) or RBD (His-tag) (2.5 or 5 µg/ml, 100 µl/well) separately
in blocking buffer containing 10mM maltose and 10mM EDTA
at 4°C overnight. Next day, the wells were washed and then
incubated with anti-sheep IgG-HRP antibodies (Genetex,
GTX27111, 0.5 µg/ml, 100 µl/well) (1:2000) or anti-His
antibodies (Genetex, GTX628914, 0.5 µg/ml, 100 µl/well)
(1:2000) for 2 h. For the detection of RBD binding, the wells
were further incubated with anti-mouse IgG antibody (Abcam,
ab6728, 0.5 µg/ml, 100 µl/well) (1:2000) for 2 h. After washing,
the plates were incubated with TMB substrate (100 µl/well) and
then quenched with 1M H2SO4 (50 µl/well). Absorbance at
450nm was recorded by VersaMax™ ELISA Microplate Reader.

Western Blotting
HEK293T and HEK293T-ACE2 cells (0.5 × 105) were lysed by
RIPA buffer (Thermo Fisher Scientific) containing protease
inhibitor (AMRESCO VWR life sciences) on ice for 15 minutes
and then centrifugation (13000 rpm, 4°C, 15 min). 30 µg samples
resuspended in Laemmli sample buffer (10 µl) and heated at 100°C
for 10 minutes. The samples were loaded into an SDS-PAGE (8%
v/v) gel and then electrophoretically transferred onto the PVDF
membrane (320mA for 2h) (Sigma-Aldrich) in transfer buffer
[25mM Tris–HCl pH 7.5, 190 mM glycine (Sigma-Aldrich), and
20% v/v methanol (Thermo Fisher Scientific)]. The membranes
were blocked by 5% w/v dried milk powder (Sigma-Aldrich)
diluted in TBS+ 0.05% v/v Tween 20 (TBST) for 1h at room
temperature and incubated with anti-SARS-CoV-2 (COVID-19)
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Spike antibody (GeneTex, GTX135356; 1:1000) or anti-ACE2
antibody [SN0754] (GeneTex, GTX01160; 1:1000) at 4°C
overnight. The membranes were washed three times and probed
with secondary Goat anti-rabbit IgG horseradish peroxidase
(HRP)-conjugate (1:10000; Fisher Scientific) for 1h at room
temperature. Following TBST washes, the protein expression
was measured by Western Lightning Plus ECL (PerkinElmer)
and chemiluminescent detection was performed using FluorChem
R system (ProteinSimple, San Jose, CA, USA).

Cell Culture and Treatments
Human embryonic kidney (HEK) 293T or HEK293T cells
overexpressing ACE2 receptor (HEK293T-ACE2) were cultured
in complete Gibco Dulbecco’s Modified Eagle Medium (DMEM),
supplemented with 10% v/v fetal bovine serum (FBS), 100 U/ml
penicillin (Sigma-Aldrich) and 100 µg/ml streptomycin (Sigma-
Aldrich), and left to grow at 37°C in the presence of 5% v/v CO2

for approximately 48 h before passaging. ACE2-stably expressing
HEK-293T cells were selected by Blasticidin S HCl (Thermo Fisher
Scientific). Since HEK293T cells were adherent, they were detached
using 2× Trypsin-EDTA (0.5%) (Thermo Fisher Scientific) for
10 min at 37°C. Cells were then centrifuged at 1,500 rpm for
5min, followed by re-suspension in complete DMEM medium.
To determine the cell count and viability, an equal volume of the cell
suspension and Trypan Blue (0.4% w/v) (Thermo Fisher Scientific)
solution were vortexed, followed by cell count using a
hemocytometer with Neubauer rulings (Sigma-Aldrich). Cells
were then re-suspended in complete DMEM for further use.

Generation of ACE2-Stably Expressing
HEK-293T Cells
HumanACE2 gene was amplified fromMGC library (cDNA clone
MGC:47598) by using Kapa HiFi PCR kit (Kapa Biosystems), and
sub-cloned into NheI and EcoRI sites of pLAS2w.Pbsd (a lentiviral
transfer vector fromRNA core, Academia Sinica, Taiwan) by using
GenBuilderTMCloning kit (GeneScript®). For generation ofVSV-
G pseudotyped lentivirus carrying human ACE2 gene, three
plasmids (pCMV-DR8.91, pLAS2w.ACE2.Pbsd and pMD.G)
were transiently transfected into HEK-293T cells by using
TransIT®-LT1 transfection reagent (Mirus). The culture medium
was harvested to infect HEK-293T cells, and then the infected cells
were selected with 5 mg/ml blasticidin for one week to generate
HEK-293T-ACE2 stable cells.

Flow Cytometry
ACE2 expression was assessed between HEK293T cells
overexpressing ACE2 receptor (HEK293T-ACE2) and
HEK293T cells alone using flow cytometry. Briefly, both
ACE2-transfected and non-transfected HEK293T cells (1x105

cells) were incubated with ACE2 antibody [N1N2, N-term
(GeneTex, GTX101395), (1:250)] for 1 h at room temperature.
Following PBS washes, the cells were probed with Goat anti-
Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody linked
to Alexa Fluor 647 (Thermo Fisher Scientific) (0.6 µl/100 µl per
tube) for 1 h at room temperature in dark. After washing with
PBS, the cells were resuspended in FACS buffer (PBS containing
2% FBS) and subjected to flow cytometry.
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For binding experiment using rfhSP-D (27), SARS-CoV-2 S1
protein containing a C-terminal His-tag (Acro; S1N-C52H3)
(5 µg/ml) was tagged with anti-His antibody (Genetex; GT359)
(1:100) at 4°C for 1 h, followed by pre-incubation with a series of
two-fold dilutions of rfhSP-D (10 µg/ml) or mock (medium
only) at 4°C for 1 h. HEK293T-ACE2 cells (1x105 cells) were
incubated in DMEM incomplete medium with the mixture of
SARS-CoV-2 S1 protein, anti-His antibodies and rfhSP-D at
37°C for 2 h. The cells were collected and washed with FACS
buffer twice and incubated with anti-mouse IgG-PE conjugate
(Genetex, GTX25881) (1:100) for 30 min and washed three
times. The live cells were gated from FSC vs. SSC dot plot in
order to determine the PE positive cells containing S1 on their
surface by CytoFLEX.

Fluorescence Microscopy
HEK293T and HEK293T-ACE2 cells (0.5 × 105) were grown on
coverslips in complete DMEMmedium overnight under standard
culture conditions, asmentionedabove.Next day, cellswerewashed
with PBS three times, the coverslips were fixed with 4% v/v
paraformaldehyde (Sigma-Aldrich) for 15 minutes, and then
washed twice. The coverslips were permeabilized with 0.25% v/v
Triton-100 (Sigma-Aldrich) for 15 min. After washing, coverslips
were blocked with 2% w/v BSA for 1h and incubated with ACE2
antibody [SN0754 (1:250) (GeneTex, GTX01160)], followed by
Goat anti-rabbit IgG (H+L) cross-adsorbed secondary antibody
(1:500) (Thermo Fisher Scientific) for 1 h at room temperature in
dark. After incubation with secondary antibody, the cells were
washed twice with PBS and mounted in the medium with DAPI
(Abcam) on the slides to visualize under an upright fluorescence
microscope (BX51; Olympus).

Production of SARS-CoV-2 Pseudotyped
Lentivirus
The pseudotyped lentivirus carrying SARS-CoV-2 spike protein
was generated by transiently transfecting HEK293T cells with
pCMV-DR8.91, pLAS2w.Fluc.Ppuro and pcDNA3.1-nCoV-
SD18 (SARS-CoV-2 spike gene with 54 nucleotides deletion at
its C-terminus was synthesized and cloned into pcDNA3.1
expression vector). HEK293T cells were seeded one day before,
and then transfected with the indicated plasmids using
TransIT®-LT1 transfection reagent (Mirus). The culture
medium was replenished at 16 h and harvested at 48 h and
72 h post-transfection. Cell debris was removed by centrifugation
at 4,000 x g for 10 min, and the supernatant was passed through
0.45-mm syringe filter (Pall Corporation). The pseudotyped
lentivirus was aliquoted and stored at -80°C until further use.
The transduction unit (TU) of SARS-CoV-2 pseudotyped
lentivirus was estimated using cell viability assay in response to
the limited dilution of lentivirus. In brief, HEK293T cells, stably
expressing human ACE2, were plated on 96-well plate one day
before lentivirus transduction. For titrating, different amounts of
lentivirus particles were added to the culture medium containing
polybrene (final concentration 8 mg/ml). Spin infection was
carried out at 1,100 x g in 96-well plate for 30 min at 37°C.
After Incubating cells at 37°C for 16 h, the culture medium
Frontiers in Immunology | www.frontiersin.org 411
containing virus particles and polybrene was removed and
replaced with fresh complete DMEM containing 2.5 mg/ml
puromycin. After treating with puromycin for 48 h, the culture
media was removed, and the cell viability was assessed using 10%
AlarmaBlue reagents, according to manufacturer’s instruction.
The survival of uninfected cells (without puromycin treatment)
was set as 100%. The virus particle titer (TU) was determined by
plotting the survival of cells versus diluted viral dose.

Pseudotyped Virus Neutralization Assay
HEK293T cells in 10 cm petridishes were transfected with
pCMVDR8.91, pcDNA nCoV-SD18 and pLAS2w.FLuc.Ppuro
plasmids (5, 2, 8 µg, respectively). Next day, cells were washed
with PBS gently, and replaced with 10 ml of fresh medium (RPMI
containing 10% FBS). The medium at 48 and 72 h were collected
and stored in -80°C for future use. HEK293T-ACE2 cells
(HEK293T cells overexpressing ACE2 receptor) (0.5x105 cells)
were pre-incubated with rfhSP-D (0, 5, 10 and 20 µg/ml) for 24 h
and then washed twice with PBS. The SARS-CoV-2 pseudotyped
lentiviral particle containing medium (500µl/well) was added on
to the cells, followed by incubation at 37°C under standard
culture conditions. After 2 h, fresh complete DMEM medium
(500 µl) was added on to the cells and incubated at 37°C.
Following 72 h incubation, the cells were washed with PBS
twice, and incubated with lysis buffer at 37°C for 10 min.
Firefly luciferase activity (RLU) was measured using ONE-
Glo™ Luciferase Assay System (Promega) and FlexStation.

Statistical Analysis
GraphPad Prism 6.0 software was used to generate all the graphs.
Unpaired t test was used for the statistical analysis. The
significance values were considered between rfhSP-D treated
and untreated conditions, based on *p<0.05. Error bars show
the SEM (figure legends).
RESULTS

Interaction of rfhSP-D and Recombinant
Human Full-Length SP-D (hFL-SP-D) With
S1 Protein and Its RBD
In SARS-CoV, S-protein is the predominant surface glycoprotein
recognized by the host innate immune system. The S protein of
SARS-CoV-2 has almost 76% identity to SARS-CoV. Previous
studies indicated that SP-D bound S protein of SARS-CoV which
required Ca2+; the binding was inhibited by maltose. Therefore,
the first part of this study was aimed at examining the interaction
of LPS-free rfhSP-D and hFL-SP-D with spike protein (S1) using
direct binding ELISA. It was found that rfhSP-D/hFL-SP-D
bound SARS-CoV-2 S1 protein in a dose-dependent manner
(Figure 1A); this interaction was inhibited by maltose and EDTA
(Figure 2A). Among varied concentrations of rfhSP-D tested, a
strong and maximum binding of rfhSP-D with SARS-CoV-2 S1
(5 µg/ml) was observed at 10 µg/ml.

The binding of SARS-CoV-2 to its cellular receptor, ACE2, is
mediated by the RBD region of the S protein. A higher binding
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affinity has been reported for RBD of SARS-COV-2 to ACE2
receptor compared to SARS-CoV (28). Furthermore, RBD of
SARS-CoV-2 has been suggested to have a crucial role in spike
protein-induced viral attachment, fusion, and entry into the host
cells (29). In this context, this study was also aimed at determining
the ability of rfhSP-D/hFL-SP-D to bind RBD of SARS-CoV-2
(Figure 1B) viadirect ELISA (RBDcoated, incubatedwith two-fold
dilutions of rfhSP-D (100 µg/ml), and probed with anti-SP-D
antibody; R&D Systems). rfhSP-D bound RBD in a dose-
dependent manner. It reduced the binding affinity by maltose,
but chelation of Ca2+ by EDTA did not significantly affect the
interaction between rfhSP-D and RBD region (Figure 2B). No
rfhSP-D binding was observed in the absence of RBD, indicating a
lack of non-specific interaction in this assay. To further evaluate the
dose response of Maltose and EDTA (5, 10 and 20mM), rfhSP-D
was coated and probed with S1 and RBD (at 2.5 and 5 µg/ml)
(Figure 2B). These results suggest that the protein-protein
interaction may occur between the CRD region of rfhSP-D and
the RBD region of S protein in a calcium-independent manner.

rfhSP-D Inhibits Interaction of SARS-CoV-
2 S1 With Membrane Expressed ACE2 on
HEK293T Cells
The S1 spike protein of the SARS-CoV-2 contains RBD that can
recognise and interact with its cellular receptor, angiotensin-
converting enzyme 2 (ACE2) (30, 31), thus mediating viral entry
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into the host cells. Since rfhSP-D was found to interact with the
spike protein and its RBD at the protein level, we also tested the
ability of rfhSP-D to interact with HEK293T cells overexpressing
ACE2 receptor. Successful transfection of the ACE2 receptor
gene into HEK293T cells was verified by measuring the
expression levels of ACE2 receptor via immunofluorescence
microscopy (Figure 3A), flow cytometry (Figure 3B) and
western blotting (Figure 3C). Quantitative and qualitative
analysis of the ACE2 receptor using ACE2 antibody (SN0754)
revealed a higher signal for ACE2 on HEK293T-ACE2 cells when
compared to HEK293T cells alone (Figures 3A, B). This study
also focused on examining whether rfhSP-D treatment can
inhibit the interaction between SARS-CoV-2 S1 and ACE2
receptor on HEK293T cells (Figure 4). Pre-incubation of
SARS-CoV-2 S1 protein (2 µg/ml) with a varied concentration
of rfhSP-D (0.625 -10 µg/ml) was found to reduce S1 binding to
HEK293T cells overexpressing ACE2 receptor in a dose-
dependent manner (Figure 4). The rfhSP-D at 10 µg/ml was
found to reduce the binding of S1 to ACE2 receptor on
HEK293T cells by approximately 7.95% when compared to the
control (S1 + 0 µg/ml rfhSP-D) (Figure 4).

rfhSP-D Acts as an Entry Inhibitor
of SARS-CoV-2 Infection
After confirming the ability of rfhSP-D to prevent the interaction
between SARS-CoV-2 S1 protein and HEK293T cells
A

B

FIGURE 1 | rfhSP-D and recombinant human full-length SP-D (hFL-SP-D) binding with the spike (S1) (A) and its RBD (B) of the SARS-CoV-2 was determined via
direct ELISA. Microtiter wells were coated with SARS-CoV-2 spike S1 protein (5 µg/ml) (HEK 293 cells) or RBD (5 µg/ml) (HEK 293 cells) in carbonate-bicarbonate
buffer, pH 9.6 overnight at 4°C. The following day, the wells were blocked with Tris Buffered Saline (TBS) buffer containing 1% BSA and 5mM CaCl2, pH 7.2-7.4.
After washing the wells with TBS, the wells were incubated with a series of two-fold dilutions of rfhSP-D or hFL-SP-D protein in blocking buffer at 4°C overnight. The
binding between S1 protein and rfhSP-D was detected using biotinylated mouse anti-Human SP-D detection antibody (1:180), followed by probing with Streptavidin
horseradish peroxidase (HRP)-conjugate 1:40. The data were expressed as mean of three independent experiments done in triplicates ± SEM. Significance was
determined using the unpaired t test statistical analysis. The error bars show SEM. Control, maltose and EDTA groups compared to 2.5 µg or 5 µg S1 (RBD) in CaCl2.
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overexpressing ACE2 receptor, we investigated whether rfhSP-D
modulated viral entry using a luciferase reporter assay with
pseudotyped lentiviral particles expressing SARS-CoV-2 S1
protein (Figure 5). SARS-CoV-2 pseudotyped lentiviral
particles were produced as a safe strategy to study the
involvement of S1 glycoprotein in the recognition and
neutralization of the virus by a varied concentration of
rfhSP-D. The production of lentiviral particles pseudotyped
with envelope protein S1 was carried out by co-transfecting
HEK293T cells with plasmid containing the coding sequence of
the indicated pcDNA3.1-nCoV-SD18 (SARS-CoV-2 spike gene),
pLAS2w.Fluc.Ppuro, and pCMV-DR8.91. Purified pseudotyped
particles and cell lysate harvested at 48 and 72 h were analyzed via
western blotting, and the expression level of SARS-CoV-2 spike
protein was determined using anti-SARS-CoV-2 (COVID-19)
Spike polyclonal antibody (Figure 5A). Cells pre-incubated
rfhSP-D (5 and 10 µg/ml) showed a significant ~ 0.5 RLU fold
reduction in luciferase activity (1.0 × 105 RLU) compared to the
cells+SARS-CoV-2 (1.5 × 105 RLU) (Figure 5B). The reduced
luciferase activity, following treatment with rfhSP-D, indicated
that the interaction between rfhSP-D and SARS-CoV-2 S1
protein interfered with S1-containing viral particle binding to
ACE2, and hence, prevented the entry of the virus into the
HEK323T-ACE2 cells (Figure 5).
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DISCUSSION

The innate immune system has evolved cellular and molecular
defense mechanisms critical for the recognition and restriction of
SARS-CoV-2-mediated respiratory tract infections, and for the
activation of subsequent adaptive immune responses (32). SARS-
CoV-2 infection is responsible for a higher transmissibility,
mortality and morbidity rates that has caused the current
global pandemic (33–35). Given that the SARS-CoV-2 is a
newly emerged pandemic infection, it is fundamentally crucial
to understand the role of host innate and adaptive immune
response, which in turn, is likely to have profound impact on
designing and developing effective anti-SARS-CoV-2 therapies.

The primary target for SARS-CoV-2 is the alveolar epithelial
type II cells (36), and the viral entry to the host cell is mediated
by the ACE2 receptor (37). Furthermore, viral entry into the host
cells also depends on the activity of TMPRSS2 protease as it
facilitates S protein cleavage into S1 and S2 portions. This
enables S-mediated targeting and receptor-mediated early
fusion pathway driven by the S2 subunit (19). The present
study confirmed the ability of rfhSP-D to act as an entry
inhibitor of pseudotyped lentiviral particles expressing SARS-
CoV-2 S1 protein in hACE-2 overexpressing HEK293T cells
mimicking the human SARS-CoV-2 infection.
A

B

FIGURE 2 | Competitive ELISA to show the impact of Maltose and EDTA on rfhSP-D binding to S1 (A) and its RBD (B). Polystyrene microtiter plates were coated
with 2µg/ml rfhSP-D, and incubated with SARS-CoV-2 spike S1 protein (2.5 and 5 µg/ml) (sheep-IgG tag) or RBD (His-tag) (2.5 and 5 µg/ml). The binding was

detected using anti-sheep IgG HRP antibodies (1:2000) or anti-His antibodies (1:2000). Absorbance at 450nm were recorded by VersaMax™ ELISA Microplate
Reader. Significance was determined using the unpaired t test statistical analysis. The error bars show SEM. All group compared to RBD in CaCl2 (*p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001).
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Human SP-D is a lung collectin, synthesized by Clara cells
(38) and alveolar type-II cells (1). Anti-viral role of SP-D has
been reported against HIV-1 and IAV infection (5, 6, 8, 39, 40).
In addition, increased serum SP-D has been observed in SARS-
CoV and SARS-CoV-2 patients (11, 41). Interaction between SP-
D and the S protein of SARS‐CoV leads to enhanced
phagocytosis (11, 12). Furthermore, SP-D can also inhibit viral
Frontiers in Immunology | www.frontiersin.org 714
infection of 16HBE cells infected with HCoV-229E (13).
However, SP-D-mediated inhibition of SARS-CoV infection
and its subsequent immune response is not fully studied.
Therefore, this study was aimed at examining the ability of
rfhSP-D to act as an entry inhibitor of SARS-CoV-2 infection
using pseudotyped lentiviral particles expressing SARS-CoV-2
S1 protein. Being a potent innate immune molecule present in
B

C

A

FIGURE 3 | Expression of ACE2 receptor on HEK293T cells by immunofluorescence microscopy (A), flow cytometry (B) and western blotting (C). (A) HEK293T
(0.5x105 cells) and HEK293T-ACE2 cells (0.5x105 cells) were seeded on coverslips, followed by incubation at 37°C under standard culture conditions. After wasing
the cells with PBS twice, the ACE2 expression was detected in both cell lines using the ACE2 antibody [SN0754](1:250), followed byincubation for 1 h at room
temperature. Following PBS washes, Goat anti-rabbit IgG (H+L) cross-adsorbed secondary antibody (1:500) was added. Following PBS washes, the coverslips were
mounted in medium with DAPI on a microscopy slide and viewed under a fluorescence microscope (Olympus). (B) Flow cytometric analysis of ACE2 expression was
determined by the shift in the fluorescence intensity using ACE2 antibody [N1N2], N-term (GeneTex) (1:250). The ACE2 expression was detected by CytoFLEX.
(C) The ACE2 expression was examined by western blotting using ACE2 antibody [SN0754] (GeneTex) (1:1000).
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FIGURE 4 | rfhSP-D treatment inhibits the interaction between SARS-CoV-2 S1 and ACE2 receptor on HEK293T cells. Protein complex was made by tagging
SARS-CoV-2 S1 protein (5 ug/ml) with anti-His antibody (10ug/ml), followed by incubation with rfhSP-D (0.625, 1.25, 2.5, 5 or 10 µg/ml) for 2h at room temperature.
This complex (S1+ anti-His+rfhSP-D) was added on to HEK293T-ACE2 cells (1x105 cells) at 37°C for 2 h. The cells were collected and washed with FACS buffer
twice and incubated with anti-mouse IgG PE conjugate (Genetex, GTX25881) (1:100) for 30 min and washed three times. The cells stained with S1 were detected
by CytoFLEX. Significance was determined using the unpaired t test statistical analysis. All groups compared to S1. The error bars show SEM. M=mock (*p < 0.05;
**p < 0.01; ****p < 0.0001) (n = 3).
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the lung surfactant, SP-D is expected to play an important
protective role in the pathogenesis of COVID-19.

Owing to a significant similarity in the S proteins of SARS-CoV
and SARS-CoV-2, it was hypothesized that SP-D may interact
with S protein of SARS-CoV-2. The results confirmed that affinity
purified, and LPS-free rfhSP-D interacted with S1 protein of
SARS-CoV-2 and its RBD in a dose-dependent manner akin to
the recombinant hFLSP-D. Inhibition of rfhSP-D binding to S
protein by EDTA or maltose suggested that rfhSP-D bound to the
carbohydrate moieties on S protein of SARS-CoV-2 (12). We also
examined whether rfhSP-D treatment can inhibit the interaction
of SARS-CoV-2 S1 with ACE2 receptor on HEK293T cells. SARS-
CoV-2 S1 protein (5 µg/ml), pre-incubated with a varied
concentration of rfhSP-D (0.625 -10 µg/ml), showed reduced
binding to HEK293T cells overexpressing ACE2 receptor in a
dose-dependent manner.

Targeting viral entry into a host cell is an emerging approach
for designing and developing anti-viral therapies as viral
propagation can be either restricted or blocked at an early
stage of viral cycle, diminishing drug resistance by released
Frontiers in Immunology | www.frontiersin.org 916
viral particles. In this study, we examined the entry inhibitor
role of rfhSP-D against SARS-CoV-2 by luciferase reporter assay.
Pseudotyped lentiviral particles were generated as a safe
alternative method to mimic the structural surface of SARS-
CoV-2, and to test whether rfhSP-D treatment can promote or
prevent viral entry into the host cells. Approximately 0.5 RLU
fold reduction was seen with rfhSP-D (5 or 10 µg/ml) treatment
when compared to untreated sample (1 RLU fold; Cells + SARS-
CoV-2). A significantly reduced luminescent signal following
rfhSP-D treatment indicated that the interaction of rfhSP-D with
SARS-CoV-2-S1 restricted the binding and entry of the virus,
suggestive of an entry inhibitory role of rfhSP-D against SARS-
CoV-2 infection.

SARS-CoV-2 mediated lung injury is correlated with diffuse
alveolar damage and air space oedema, thus, accompanied by
interstitial infiltration of inflammatory cells, triggering of
coagulation, and fibrin deposition (42–45). Potential
biomarkers to be considered during SARS infection include
increased levels of inflammatory plasma makers, coagulation,
and fibrinolysis (46, 47). Damage to the alveolar epithelial barrier
A

B

FIGURE 5 | rfhSP-D acts as an entry inhibitor of SARS-CoV-2 infection. (A) The SARS-CoV-2 pseudotyped lentiviral particle and pseudotyped lentiviral particle
containing medium were determined the S1 expression by western blotting. (B) Luciferase reporter activity of rfhSP-D treated HEK293T cells (overexpressing ACE2
receptor) transduced with of SARS-CoV-2 S1 pseudotyped lentiviral particles. Significance was determined using the unpaired t test statistical analysis. All groups
compared to VSV-S1. The error bars show SEM. M=medium (**p<0.01; ***p<0.001; ****p<0.0001) (n = 3).
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is a characteristic feature of an acute respiratory distress syndrome
(ARDS) and acute lung injury (ALI); levels of plasma surfactant
proteins such as SP-A and SP-Dmay have a prognostic value (48–
50). Thus, this study prompts further investigation into the role of
pulmonary surfactant in COVID-19.

In summary, rfhSP-D, containing homotrimeric neck andCRD
regions, acts as an entry inhibitor of SARS-CoV-2 infection by
restricting the viral entry intoHEK293T cells overexpressing ACE2
receptor. Time is ripe for taking the knowledge about the
involvement of rfhSP-D and its associated anti-viral effects
forward to develop a novel therapeutic approach to target
multiple cellular signaling pathways. The mechanisms which
enable rfhSP-D to trigger anti-viral effect are virus-specific due to
the differential effect and variation in terms of the cell types and
putative receptors. There is a clear therapeutic potential of rfhSP-D
against SARS-CoV-2; although increased glycosylation of spike
protein leads to evasion of antibody susceptibility, it is expected to
enhance the susceptibility of the virus to soluble pattern recognition
receptors (PRRs) such as SP-D. Having established the specific
nature of interactions between rfhSP-D and SARS-CoV-2, we
hope to examine host response in the murine models of infection
using wild type and SP-D knock-out mice.
Frontiers in Immunology | www.frontiersin.org 1017
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Surfactant Proteins A/D–CD14
on Alveolar Macrophages Is a
Common Pathway Associated With
Phagocytosis of Nanomaterials and
Cytokine Production
Qiqi Wang1,2†, Qiong Wang1†, Ziyue Zhao1, Jingbo Fan3, Linghan Qin1,
David B. Alexander4, Hiroyuki Tsuda4*, Dahai Zhao3* and Jiegou Xu1,4*

1 Department of Immunology, School of Basic Medical Sciences, Anhui Medical University, Hefei, China, 2 Department of
Clinical Laboratory, Anhui General Hospital of Chinese People’s Armed Police Forces, Hefei, China, 3 Department of Respiratory
and Critical Care Medicine, The Second Affiliated Hospital, Anhui Medical University, Hefei, China, 4 Laboratory of
Nanotoxicology Project, Nagoya City University, Nagoya, Japan

Alveolar macrophages are responsible for clearance of airborne dust and pathogens. How
they recognize and phagocytose a variety of engineered nanomaterials (ENMs) with
different properties is an important issue for safety assessment of ENMs. Surfactant-
associated proteins, specifically existing in the pulmonary surfactant, are important
opsonins for phagocytosis of airborne microorganisms. The purposes of the current
study are to understand whether opsonization of ENMs by surfactant-associated proteins
promotes phagocytosis of ENMs and cytokine production, and to determine whether a
common pathway for phagocytosis of ENMs with different properties exists. For these
purposes, four ENMs, MWCNT-7, TiO2, SiO2, and fullerene C60, with different shapes,
sizes, chemical compositions, and surface reactivities, were chosen for this study. Short-
term pulmonary exposure to MWCNT-7, TiO2, SiO2, and C60 induced inflammation in the
rat lung, and most of the administered ENMs were phagocytosed by alveolar
macrophages. The ENMs were phagocytosed by isolated primary alveolar
macrophages (PAMs) in vitro, and phagocytosis was enhanced by rat bronchioalveolar
lavage fluid (BALF), suggesting that proteins in the BALF were associated with
phagocytosis. Analysis of proteins bound to the 4 ENMs by LC/MS indicated that
surfactant-associated proteins A and D (SP-A, SP-D) were common binding proteins
for all the 4 ENMs. Both BALF and SP-A, but not SP-D, enhanced TNF-a production by
MWCNT-7 treated PAMs; BALF, SP-A, and SP-D increased IL-1b production in TiO2 and
SiO2 treated PAMs; and BALF, SP-A, and SP-D enhanced IL-6 production in C60 treated
PAMs. Knockdown of CD14, a receptor for SP-A/D, significantly reduced phagocytosis of
ENMs and SP-A-enhanced cytokine production by PAMs. These results indicate that SP-
A/D can opsonize all the test ENMs and enhance phagocytosis of the ENMs by alveolar
macrophages through CD14, suggesting that SP-A/D-CD14 is a common pathway
mediating phagocytosis of ENMs. Cytokine production induced by ENMs, however,
org October 2021 | Volume 12 | Article 758941119
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is dependent on the type of ENM that is phagocytosed. Our results demonstrate a dual
role for surfactant proteins as opsonins for both microbes and for inhaled dusts and fibers,
including ENMs, allowing macrophages to recognize and remove the vast majority of
these particles, thereby, greatly lessening their toxicity in the lung.
Keywords: engineered nanomaterials, alveolar macrophage, surfactant-associated protein A, surfactant-
associated protein D, CD14, opsonization
INTRODUCTION

The respiratory tract is the major exposure routine for airborne
dusts and pathogens. Alveolar macrophages (AMs) reside in the
airway and alveoli, and account for 95% of leukocytes in the lower
respiratory tract (1). AMs function mainly in host defense and
alveolar homeostasis. Phagocytosis by AMs is a major mechanism
for clearance of dusts and microorganisms encountered in the lung
(2). AMs have many types of pattern-recognition receptors (PRRs)
on the plasma membrane, and recognize a variety of pathogen-
associated molecular patterns (PAMPs) in microorganisms (3, 4).
AMs also express receptors for the Fc portions of IgG antibodies
(Fc receptors) and receptors for complement (complement
receptors) that specifically bind IgG- or complement-coated
pathogens (5, 6). The process of coating pathogens to promote
phagocytosis is called opsonization. The direct binding of PRRs to
their corresponding PAMPs and the binding of Fc receptors and
complement receptors to opsonized pathogens induce a number of
responses in AMs, including production of cytokines,
inflammatory mediators and microbicidal enzymes, and
mobilization of the cytoskeleton leading to phagocytosis, cell
migration, and granule exocytosis. Secreted cytokines and
inflammatory mediators then exert regulatory functions on
inflammation and immune responses (7, 8). AMs are also
involved in the clearance of apoptotic and necrotic cells and the
subsequent resolution of pulmonary inflammation (9).

With advances in nanotechnology, engineered nanomaterials
(ENMs) are increasingly being developed. The unique
physicochemical features of ENMs including size effect, surface
effect and quantum effect are very different from their bulk
counterparts and make ENMs to be applied in almost every
field such as material industry, semiconductor industry, daily
life products and biomedical field. Increased production and
application of ENMs may lead to increased respiratory exposure
to ENMs during their production, consumption, and disposal.
Understanding their pro-inflammatory and clearance
mechanisms in the lung is critical for safety assessment of
ENMs. Numerous studies in animals indicate that inhaled
ENMs are taken up and cleared by AMs (10, 11). ENMs have
little antigenicity and do not possess molecular structural regions
like the PAMPs of microbes. How AMs recognize different ENMs
with different sizes, chemical compositions, physical
morphologies, and surface reactivity is currently an open
question. It is widely accepted that ENMs are bound by proteins
from various biological fluids, forming tiers of proteins coating the
surface of the ENM. In turn, this protein corona may promote
phagocytosis through interaction of bound complement proteins
org 220
or IgG with complement receptors and Fc receptors (12, 13).
The composition of the protein corona depends upon both the
biological fluid in which the ENM is present and the
physiochemical characteristics of the ENM (14). Most studies on
the interaction between ENMs and proteins are based on protein
coronas that form in serum/plasma. Pulmonary surfactant is a
complex mixture composed of more than 90% lipids and 5-10%
proteins that covers the inner face of the alveoli and reduces
surface tension at the air-water interface in the alveoli to prevent
alveolar collapse at the end of expiration (15). Surfactant-
associated proteins (SP-A, SP-B, SP-C and SP-D) differ from
one another in their synthesis, oligomerization, and function (16).
SP-B and SP-C are hydrophobic and reduce the surface tension of
the lung, while SP-A and SP-D are more hydrophilic and have
important roles in the regulation of innate immune responses
(17). SP-A and SP-D can bind to many different microbial
pathogens and act as opsonins to enhance phagocytosis of
microbial pathogens by AMs (18, 19). Coating of MWCNTs
with pulmonary surfactant and bronchoalveolar lavage fluids
(BALF)-derived protein corona on diesel exhaust nanoparticles
enhance the nanoparticle uptake and pro-inflammatory responses
in macrophages in vitro (20, 21), and SP-A and SP-D are found to
bind the nanoparticles (21). Furthermore, SP-D can opsonize
carbon nanotubes and augment their phagocytosis and pro-
inflammatory responses in vitro (22). It is likely that surfactant
proteins mediate phagocytosis of nanoparticles and subsequent
cytokine production.

In the current study, we addressed two main questions: 1)
whether a common spectrum of surfactant proteins was bound
to different ENMs? 2) what proteins on AMs were responsible for
recognizing the bound surfactant proteins and subsequent
phagocytosis and cytokine secretion? For these purposes, 4
types of ENMs (fullerene C60, TiO2, SiO2, and MWCNT),
differing in size, shape, surface reactivity, and chemical
composition, were chosen for analysis of their binding proteins
in rat bronchoalveolar lavage fluid (BALF) and cytokine
productions. SP-A and SP-D were identified as common
binding proteins for all 4 ENMs, and enhanced phagocytosis of
the ENMs and cytokine production by AMs in vitro. Notably, the
enhancing effects were dependent on CD14.
MATERIALS AND METHODS

Preparation of Nanomaterial Suspensions
MWCNTs (MWCNT-7) were obtained from Mitsui Chemicals
Co., Ltd. Tokyo, Japan; TiO2 (rutile type, with a mean primary
October 2021 | Volume 12 | Article 758941

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wang et al. SP-A/D-CD14 in Nanomaterial Phagocytosis
size of 20 nm) was provided by Japan Cosmetic Association,
Tokyo, Japan; SiO2 (with a primary size of 10-20 nm) was
purchased from Sigma-Aldrich, USA; and Fullerene C60 (with
a mean primary size of 1 nm) was provided by Frontier Carbon
Corporation, Japan. 10 mg of the 4 types of ENMs
was suspended in saline containing 0.5% (w/v) Pluronic® F-68
(PF-68, a non-ionic detergent from Sigma-Aldrich, USA) to a
final concentration of 500 mg/ml. The MWCNT-7 suspension
was homogenized for 1 minute four times (total of 4 min) using a
Polytron PT1600E bench-top homogenizer (Kinematica,
Switzerland) at a speed of 3000 rpm. The prepared four
nanomaterial suspensions were sonicated at 600W for 5
minutes 6 times with 2-minute rest intervals using a JY92-2
sonicator (Scientz Co., Ltd, Ningbo, China). To ensure the
dispersion and suspension of the nanomaterials, the
suspensions were further sonicated for 5 minutes 4 times
before use. Characterization of the suspended 4 nanomaterials,
including shape, element analysis, and size distribution are
shown in Supplementary Figures S1–S3.

Animals
Eight weeks-old female wild-type Sprague-Dawley (SD) rats were
obtained from the Animal Center of Anhui Medical University.
The rats were housed in the Animal Center and received Oriental
MF basal diet and water ad libitum. The animal experiment
protocols were approved by the Animal Ethics Committee of
Anhui Medical University.

Intratracheal Spraying of Nanomaterial
Suspensions
Twenty-five female SD rats were divided in to 5 groups and
about 0.5 ml of the vehicle or 500 mg/ml MWCNT-7, TiO2, SiO2,
or C60 suspensions were administered by intratracheally
spraying using an intratracheal aerosolizer (series IA-1B, Penn-
century, Philadelphia, USA), as previously described (23),
2 times per week for 2 weeks. The total amount of the
administered nanomaterials was 4 mg per kilogram of body
weight for each rat. Three days after the last spraying, the animals
were sacrificed under isoflurane anesthesia, and the lung was
excised, fixed in 4% paraformaldehyde solution in phosphate-
buffered saline (PBS) adjusted to pH 7.3, and processed for light
microscopic examination and transmission electron microscopy
(TEM) or scanning electron microscopy (SEM).

Light Microscopy and Electron
Microscopy
Hematoxylin-eosin (HE) stained sections of the lung tissues
treated with the 4 ENM suspensions were used to observe lung
inflammation and localization of the nanomaterials. For
transmission electron microscopic (TEM) observation of TiO2,
SiO2 and C60, paraffin blocks were deparaffinized and small
pieces of the lung tissues were embedded in epon resin and
processed for nanomaterial observation using a JEM-2100
transmission electron microscope (JEOL Co. Ltd, Tokyo,
Japan). Since MWCNT-7 is difficult to be cut by an electronic
microtome, scanning electron microscopy (SEM) was used to
Frontiers in Immunology | www.frontiersin.org 321
observe the MWCNT-7-treated lung tissues. Briefly, the HE-
stained slides of the lung tissues were immersed in xylene for 3
days to remove the cover glass, immersed in 100% ethanol for
10 min to remove the xylene, and then air-dried for 2 hours at
room temperature. The slides were then coated with platinum for
observation using a Model S-4700 Field Emission SEM (Hitachi
High Technologies Corporation, Tokyo, Japan) at 5–10 kV.

Preparation of BALF and Isolation of
Rat Alveolar Macrophages
Eight weeks-old female wild-type SD rats were placed under deep
anesthesia with intraperitoneally injected sodium pentobarbital
and sacrificed by exsanguination from the inferior vena cava. The
lung was excised under aseptic conditions and injected with 5 ml
of saline through the trachea. After gentle shaking, the fluid in
the lung was collected. This was repeated 2 more times. The
collected fluid was centrifuged at 1800g for 5min at 4°C, and the
supernatant (BALF) was concentrated with a concentrator tube
(Millipore) and stored at -80°C until use. The cell pellet was
resuspended in RPMI 1640 medium containing 10% fetal bovine
serum (Gibco, USA), seeded in a six-well plate and cultured at
37°C for 90 minutes. The cells were washed with PBS three times
to remove red blood cells, other cells, and cell debris. The
remaining adherent cells were stained with anti-CD68, a
macrophage marker, to confirm their identity. Briefly, the
adherent cells were fixed in 4% paraformaldehyde and treated
with 0.2% Triton X-100 containing 10% fetal bovine serum
(Gibco)/1% bovine serum albumin in PBS at room
temperature for 15 minutes, and then incubated with rabbit
anti-CD68 (1:50 dilution, Bioss, Beijing, China) overnight at 4°C,
and visualized with Cy3 labelled anti-rabbit IgG (1:100 dilution,
Proteintech, Wuhan, China). After washing, the cells were
counter-stanning with DAPI (Sigma-Aldrich). Images were
captured with a florescence microscope (ZEISS LSM880
+Airyscan, Germany). As shown in Supplementary Figure S4,
more than 95% of the adherent cells were positive for CD68.
About 5×105-1x106 alveolar macrophages per rat were isolated.

Binding of Nanomaterials to BALF
Proteins, SDS-PAGE, and LC-MS
1.6 ml of the four ENM suspensions (equal to 800 mg of each
ENM) were incubated with 1 ml of the 20-fold concentrated rat
BALF at 37°C in a shaker at 200 rpm for 4-6 hours, and then
centrifuged at 20000×g for 30 minutes to separate the
nanomaterials from the supernatants. The precipitates were re-
suspended in PBS, and the suspensions were centrifuged at
20000×g for 10 minutes and the supernatants were discarded.
The washing steps were repeated 2 more times. The final ENM
precipitates with their bound proteins were resuspended in 50 ml
of sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) buffer (10% glycerol, 62.5 mM Tris-HCl [pH
6.8], 2% 2-mercaptoethanol, 2% SDS), heated for 5 minutes at
95°C, and then centrifuged at 20000×g for 30 minutes to
dissociate the bound proteins from the nanomaterial
precipitates. After protein quantification with BCA (BestBio,
Shanghai, China), 10 ml of the final suspensions was subjected
October 2021 | Volume 12 | Article 758941
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for SDS-PAGE and the gels was silver-stained with a silver
staining kit (BestBio). DTT was added to 20 ml of the
remaining SDS-PAGE buffer-dissociated protein solution to a
final concentration of 100 mM DTT and boiled 5 minutes. The
samples were analyzed by Liquid Chromatography with Tandem
Mass Spectrometry (LC-MS) (Shanghai Applied Protein
Technology Company, Ltd, Shanghai, China).

Exposure of ENMs to Primary
Alveolar Macrophages
In vitro 1×106 rat primary alveolar macrophages (PAMs) were
cultured at 37°C overnight in a 6-well plate in RPMI 1640 culture
medium containing 10% fetal bovine serum (Gibco). The PAMs
were then washed 3 times with PBS and cultured in X-VIVO™

serum-free medium (Lonza, Belgium) The cells were then treated
with saline containing 0.5% (w/v) Pluronic® F-68, 1 mg/ml
MWCNT-7, TiO2, SiO2, or C60 suspended in saline containing
0.5% (w/v) Pluronic® F-68, or 1 mg/ml of MWCNT-7, TiO2, SiO2,
or C60, pre-incubated for 4 hours with 1 mg/ml of recombinant
human SP-A, SP-D or 10% concentrated BALF, and continued
culture for 12 hours. The cells were harvested for RNA isolation
and quantitative polymerase chain reaction (qPCR) analysis of
cytokine expression, and the culture supernatants were collected
for ELISA detection of cytokines.

qPCR and ELISA Analyses of IL-1b,
IL-6, and TNF-a Production
Total RNA from rat PAMs was extracted with Trizol (Magen,
Guangzhou, China) according to the manufacturer’s instructions.
500 ng of the RNA samples was reverse transcribed using a
HiScript® II RT SuperMix kit (Vazyme Biotech, Nanjing,
China), and qPCR analyses of IL-1b, IL-6, and TNF-a were
then performed using the AceQqPCR SYBR Green Master Mix
(Vazyme). GAPDH was used as an internal reference, and the
relative expression of each gene was analyzed by the 2 -△△CT

method. The primer pairs (forward/backward) used were the
following: CAGCAGCATCTCGACAAGAG/CATCATCCCAC
GAGTCACAG for IL-1b; AGTT- GCCTTCTTGGGACTGA/
TCCAAGATCTCCCTGAGAACA for IL-6; ACTCCCAGA-
AAAGCAAGCAA/CGAGCAGGAATGAGAAGAGG for TNF-
a; and GACATGCCG- CCTGGAGAAAC/AGCCCAGGATGC
CCTTTAGT for GAPDH. Detection of IL-1b, IL-6, and TNF-a in
the supernatants of rat primary alveolar macrophage cultures was
performed with rat ELISA kits (MLBio, Shanghai, China)
according to the manufacturer’s instructions.

Analysis of ENM Phagocytosis by
Polarized Light Microscopy
1×106 rat PAMs were seeded in 6-cm culture dishes with pre-
placed microscope cover glass (NEST, China) and cultured in X-
VIVO™ serum-free medium (Lonza) and cultured overnight.
The cells were treated with saline containing 0.5% (w/v)
Pluronic® F-68; 1 mg/ml MWCNT-7, TiO2, SiO2, or C60
suspended in saline containing 0.5% (w/v) Pluronic® F-68; or
1 mg/ml of MWCNT-7, TiO2, SiO2, or C60, pre-incubated for 4
hours with 1 mg/ml of recombinant human SP-A, SP-D or 10%
Frontiers in Immunology | www.frontiersin.org 422
concentrated BALF, and continued culture for 12 hours. The
cells were then fixed with 4% paraformaldehyde and stained with
HE. The Cells with phagocytosed ENMs were identified using an
ECLIPSE polarizing microscope (LV100NPOL, Nikon, Japan).
Total cell number and the number of the cells with phagocytosed
ENMs in 10 fields (40x magnification) were counted, and the
percent of the cells with phagocytosed ENMs (number of cells
with phagocytosed ENMs/total number of cells) was determined.

Knockdown of LRP1, CD14, and SIRPa
and Its Effect on Cytokine Production
and Phagocytosis
Small interfering RNAs (siRNA) were used to knock-down the
expression of LDL receptor related protein 1 (LRP1), CD14, and
signal regulatory protein alpha (SIRPa). 3 pairs of siRNAs for each
of the genes were provided by GenePharma Co. Ltd., Shanghai,
China. The pair of siRNAs with the best silencing efficacy
was determined by preliminary experiments. The siRNA
sequences used for further experiments were as follows:
GCUAAACUCGCUCAAUCUATT/UAGAUUGAGCGAG
UUUAGCTT for CD14; CCAUCAAACGGGCAUUCAUTT/
AUGAAUGCCCGUUUGAUGGTT for LRP1; and GCUC
UAUGUACUCGCCAAATT /UUUGGCGAGUACA
UAGAGCTT for SIRPa. 1×106 rat PAMs were seeded in each well
of a 6-well plate and cultured at 37°C overnight. Negative control
RNA or siRNAs for LRP1, CD14, and SIRPa were transfected into
the cells using Lipofectamine 2000 (Thermo Fisher, USA). 6 hours
later, the culture media was changed to X-VIVO™ serum-free
medium (Lonza), and then treated with 1 mg/ml MWCNT-7,
TiO2, SiO2, or C60 suspended in saline containing 0.5% (w/v) PF-
68; or 1 mg/ml of MWCNT-7, TiO2, SiO2, or C60, pre-incubated
for 4 hours with 1 mg/ml of recombinant human SP-A, SP-D or
10% concentrated BALF, and continued culture for 12 hours. The
cells were harvested for RNA isolation, qPCR analysis of silencing
efficacy and cytokine expression, and western blotting; the culture
supernatants were collected for ELISA. The silencing efficacy of
LRP1, CD14, and SIRPa was analyzed by qPCR, as described
above, and confirmed by western blotting. The specific primers
used were CCAGGAACTTTGGCTTTGCTC/ACCGATGGA
CAACTTTCAGG for CD14; CCAATTGTGCATTTTTGCAG/
GAATCAGGGGCATAGGTGAA for LRP1; and GTGTCTGT
TGCTGCTGGAGA/GCATCTTCTGGGGTGACATT for
SIRPa. The expression of LRP1, CD14, and SIRPa proteins was
detected by western blotting. The cells were lysed in RIPA buffer
(150mMNaCl, 50mMTris pH 7.4, 1% sodium deoxycholate, 0.1%
SDS, 1% Triton X-100, and 1mM PMSF) for 5 minutes and
centrifuged at 4°C 12000 rpm for 20min. After protein
quantification with a BCA kit (Bestbio), aliquots of the
supernatants (20 mg protein) were separated by 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and then transferred to a PVDF membrane (Millipore, Boston,
USA). After blocking in 5% nonfat milk, the PVDF membranes
were incubated with primary antibodies (anti-GAPDH from
Peprotech, USA, 1:500 dilution, as an internal control; anti-
CD14 from Bioss, Beijing, China, 1:500 dilution; anti-SIRPa
from Cell Signaling Technology, Danvers, USA, 1:1000 dilution;
October 2021 | Volume 12 | Article 758941
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anti-LRP1 from Abcam, USA, 1:10000 dilution) at 4°C overnight.
After three washings, the PVDF membrane was incubated with
peroxidase conjugated anti-mouse or anti-rabbit secondary
antibodies (1:10,000) for 60 minutes. The protein was visualized
with ECL (Thermo Fisher) detection solution in a GEL Imaging
System (Tanon, Shanghai, China). The effect of LRP1, CD1, and
SIRPa knockdown on IL-1b, IL-6, and TNF-a production was
analyzed by qPCR and ELISA, and its effect on ENM phagocytosis
was assessed by polarized light microscopy, as described above.

Statistical Analysis
Statistical analysis was performed using SSPS17 software. The
statistical significance was analyzed using two tailed Student’s
t test. A p value of <0.05 was considered to be significant.
RESULTS

Most Intratracheally Administered
Nanomaterials Were Taken up By
Alveolar Macrophages
Four types of ENMs with different shapes, chemical compositions,
sizes, and surface properties were chosen for this study.MWCNT-7 is
a carbon-based nanotube with a hydrophobic surface; TiO2 is a rod-
like particle with a hydrophilic surface; SiO2 and C60 are round
nanoparticles with a hydrophilic and hydrophobic surface,
respectively. They form aggregates with different sizes in
suspensions. Characterization of their shape and chemical
composition is shown in Supplementary Figures S1, S2. Their size
distribution of the suspensions in 0.5% PF-68 saline was comparable
to that of the suspensions in 0.5% PF-68 saline supplemented with the
concentrated BALF (Supplementary Figure S3).

Intratracheal spraying is a simple method for delivery of
agents into the lung. In our preliminary experiment, black ink
administered into the lung by intratracheal spraying was
delivered evenly to each lobe and found to be taken up by
AMs (Supplementary Figure S4). Intratracheal administration
of MWCNT-7, TiO2, SiO2, and C60 suspensions to the rat lung
induced pulmonary inflammation to different extents. Compared
with 0.5% PF-68 saline (NC, Figure 1A), MWCNT-7 elicited a
strong inflammatory response, with increased number of AMs
and thickening of the alveolar epithelium (Figure 1B); while
TiO2 and SiO2 (Figures 1C, D) had little effect on the alveolar
epithelium, although particle-burdened alveolar macrophages
were often observed. Similar to MWCNT-7, C60 caused a
strong inflammatory response (Figure 1E). The number of
AMs per 200◊sight field in the MWCNT-7, TiO2, SiO2, or C60
treated lung tissues was significantly increased compared with
that of the NC (Figure 1F). Most of the induced AMs were found
with burden ENM aggregates (Figures 1B–E). Further
observation with SEM for MWCNT-7 (since MWCNT-7 is
difficult to be cut by an electronic microtome) and TEM for
TiO2, SiO2, and C60 revealed that the ENM aggregates were in
the cytoplasm of the AMs and likely to exist in the phagosomes
(Figures 1G–J correspondingly for MWCNT-7, TiO2, SiO2, and
Frontiers in Immunology | www.frontiersin.org 523
C60). These results indicate that uptake by AMs is a main
mechanism for clearance of the deposited particles.

BALF Enhanced the Uptake of
Nanomaterials by Alveolar Macrophages
Previous studies have demonstrated that ENMs are bound by
proteins biological fluids, forming tiers of proteins surrounding
the nanomaterials (14). This protein corona affects the biological
behavior of the nanomaterial, including phagocytosis by
macrophages (24). To determine whether secretory fluid in the
respiratory tract and alveoli influences phagocytosis by alveolar
macrophages of the 4 ENMs being studied, we prepared BALF and
primary alveolar macrophages (PAMs). Immunofluorescence
staining indicated that more than 95% of isolated cells were
positive for CD68, a macrophage marker (Supplementary
Figure S5). The 4 ENMs, with or without pre-incubation of
BALF, were then exposed in vitro to the isolated PAMs. The
number of PAMs with internalized ENMs with or without pre-
incubation of BALF were compared under polarized light
microscopy. The results indicated that pre-incubation with
BALF increased the uptake of MWCNT-7, TiO2, and SiO2 by
PAMs (Figure 2). The percent of PAMs with particles without
pre-incubation of BALF (31.7%, 22.7%, and 18.2% for MWCNT-
7, TiO2, and SiO2, respectively) was significantly lower than with
pre-incubation of BALF (61.0%, 43.3%, and 53.7% for MWCNT-
7, TiO2, and SiO2, respectively) (Figure 2I). Because C60 is
isotropic and cannot be specifically visualized using polarized
light microscopy, therefore, phagocytosis of C60 was not
quantified (Figures 2G, H). The results obtained from
MWCNT-7, TiO2, and SiO2 suggest that proteins in the BALF
are likely to adsorb to ENMs and promote their uptake by PAMs.

Usually, there are twoways for internalization of ENMs into a cell:
clathrin-dependent endocytosis and actin-dependent phagocytosis.
For determiningwhether the 4 ENMswere taken up via phagocytosis,
PAMs were treated with cytochalasin B (an inhibitor of actin
polymerization, thus inhibiting phagocytosis) and exposed with
MWCNT-7, TiO2, and SiO2 pre-incubated with BALF. Pre-
treatment of cytochalasin B significantly reduced the percentage of
the PAMs with burden-particles (Supplementary Figure S6),
indicating thatuptakeof theENMsbyAMsismainlyviaphagocytosis.

SP-A, SP-D, and SP-B Are Common
Proteins Associated With ENMs
For understanding possible interactions of the proteins present in
the BALF with the 4 ENMs, the ENMs were incubated in 20-fold
concentrated BALF, precipitated by centrifugation, washed with
PBS, and resuspended in SDS-PAGE buffer. The ENM associated
proteins were then subjected to SDS-PAGE. SDS-PAGE and silver
staining revealed that proteinswith differentmolecular weights and
abundance absorbed to the surfaces of the 4 ENMs (Figure 3A).
Further analysis with LC-MS identified a total of 854 proteins
associated with the 4 ENMs. 332 of these proteins were found to be
associated with each of the 4 ENMs (Figure 3B). The 120 most
abundant proteins associatedwith eachof the 4 ENMsare shown in
Supplementary Table S1. Most of these proteins were serum-
derived proteins commonly found in BALF, including albumin,
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complement proteins, immunoglobulins, and apolipoproteins.
Lung/respiratory tract derived proteins were also common.

Pulmonary surfactant is a complex mixture containing 4
surfactant-associated proteins (SP-A, SP-B, SP-C and SP-D).
Notably, SP-A, SP-B, and SP-D were found to be associated with
all 4 ENMs (Figure 3C). SP-D was among the most abundant
proteins associated with MWCNT-7, TiO2, SiO2, and C60, while
SP-B was among the most abundant proteins associated with
MWCNT-7, SiO2, and C60 (Supplementary Table S1).

For further confirming that SP-A and SP-D were bound
proteins, the 4 ENMs were incubated with 10-fold concentrated
BALF and then separated by centrifugation. Immunofluorescence
showed that the large aggregates in the precipitates were stained
with anti-SP-A and anti-SP-D (Supplementary Figure S7A) and
ELISA detection revealed that concentrations of SP-A and SP-D in
Frontiers in Immunology | www.frontiersin.org 624
the supernatants were decreased by the incubation with the 4
ENMs (Supplementary Figure S7B), demonstrating that SP-A
and SP-D were bound to the 4 ENMs.

SP-A and SP-D Enhanced Nanomaterial-
Induced Macrophage Activation and
Cytokine Production
We initially investigated the effect of SP-A, SP-B, and SP-D on
macrophage activation, using TNF-a, IL-1b and IL-6, the main
pro-inflammatory cytokines produced upon macrophage
activation, as markers of macrophage activation. Preliminary
experiments showed that SP-B-coated ENMs had little effect on
the production of these cytokines (data not shown). Similarly,
SP-A, SP-D, or BALF alone in the absence of the ENMs
(Supplementary Figure S8A), or each of the 4 ENMs alone
FIGURE 1 | Lung inflammation and phagocytosis of ENMs by alveolar macrophages. Female SD rats were intratracheally sprayed with 0.5 ml of 500 mg/ml MWCNT-7,
TiO2, SiO2, or C60 suspensions. Lung inflammation in HE-stained slides was examined under light microscopy, and alveolar macrophages with phagocytosed ENMs were
indicated with black arrows in the left panel. Representative HE images treated with the control, MWCNT-7, TiO2, SiO2, or C60 were shown in (A–E), respectively. The
number of alveolar macrophages per 200x sight field in the treated lung tissues was presented in (F). Phagocytosis of MWCNT-7 in (G) was observed under scanning
electron microscopy, while the phagocytosed TiO2, SiO2, or C60 in (H–J), respectively, were observed under transmission electron microscopy. The blue arrows in the
right panel indicated the phagocytosed ENMs, and *** represents p values less than 0.001.
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without SP-A or SP-D coating (Supplementary Figure S8B) did
not significantly affect cytokine production as detected by qPCR.
In contrast, MWCNT-7, pre-incubated with 1mg/ml human
recombinant SP-A or SP-D, stimulated a significant increase in
TNF-a mRNA expression of PAMs, but not IL-1b or IL-6
mRNA expression (Figure 4A). Similar results were also
observed when MWCNT-7 was pre-incubated with BALF
(Figure 4A). Examination of the culture media by ELISA
indicated that pre-incubation with SP-A, SP-D, and BALF
enhanced MWCNT-7-induced TNF-a secretion (Figure 4E).

In TiO2 treated PAMS, pre-incubation with SP-A or BALF
enhanced IL-1b expression, while pre-incubation with SP-D
enhanced both IL-1b and IL-6 expression (Figure 4B).
Similarly, ELISA showed increased IL-1b secretion in the
PAMs treated with TiO2 that was pre-incubated with SP-A,
SP-D, or BALF (Figure 4F). The response of SiO2 treated PAMS
was similar to that of TiO2 treated PAMS: SP-A and BALF
enhanced IL-1b expression and SP-D enhanced both IL-1b and
IL-6 expression (Figure 4C). ELISA showed increased IL-1b
secretion in the presence of SP-A, SP-D, and BALF (Figure 4G).
Treatment withC60 pre-incubated with SP-A, SP-D, or BALF
upregulated IL-6 expression at both the mRNA and protein
secretion, as detected by qPCR and ELISA (Figures 4H, D).

In brief, the effect of SP-A and SP-D on macrophage
activation as assessed by TNF-a, IL-1b, and IL-6 expression
was similar to that of BALF. However, the specific effect on
Frontiers in Immunology | www.frontiersin.org 725
cytokine expression depended on the ENM to which the PAMs
were exposed.

Knockdown of CD14 Expression in
Alveolar Macrophages Reduced
Cytokine Production
It has been reported that LRP1, CD14, and SIRPa are potential
receptors for SP-A and SP-D (25–27). Thus, we used siRNA to
knock-down the expression of these receptors (Supplementary
Figures S9A, B). Knockdown of LRP1, CD14, or SIRPa did not
significantly change mRNA expression of the cytokines in PAMs
(Figure S10A). Similarly, neither addition of SP-A or SP-D into
the culture medium, nor stimulation with each of the ENMs,
affected the cytokine expression at the mRNA level in the
receptors-knocked down PAMs (Supplementary Figures
S10B, C). However, Knockdown of CD14 significantly reduced
SP-A-enhanced TNF-a expression in MWCNT-7 stimulated
PAMs (Figures 5A, E), while SP-D-enhanced TNF-a
expression was increased by CD14 silencing (Figure 5A).
TNF-a expression was also elevated by knockdown of LRP1
and SIRPa (Figure 5A). The marked increase in SP-A and SP-D
enhanced TNF-a expression by knockdown of LRP1 suggests
that LRP1 may be inhibitory to TNF-a production by PAMs.

Knockdown of CD14 decreased SP-A- or SP-D-enhanced IL-
1b expression in TiO2- and SiO2-stimulated PAMs (Figures 5B,
C, F, G). Silencing of CD14 expression also decreased
FIGURE 2 | Influence of BALF on phagocytosis of ENMs by primary alveolar macrophages. Primary alveolar macrophages were exposed in vitro to 4 types of ENMs
(MWCNT-7, TiO2, SiO2, and C60) in the absence (A–C, G) or presence (D–F, H) of BALF. Phagocytosis of ENMs was examined by polarized light microscopy under
40×manification. (A, D), specimens from an MWCNT-7 treated rat, (B, E), specimens from a TiO2 treated rat. (C, F), specimens from an SiO2 treated rat. (G, H)
specimens from a C60 treated rat. Arrows indicate alveolar macrophages with phagocytosed ENMs; bars = 50 mm. C60 is isotropic, and therefore, C60 cannot be
specifically identified by polarized microscopy. Consequently, only percentages of alveolar macrophages with phagocytosed MWCNT-7, TiO2, and SiO2 were calculated (I).
*** and **** represent p values less than 0.001 and 0.0001, respectively.
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SP-A-enhanced IL-6 expression by C60 stimulated PAMs
(Figures 5D, H). Knockdown of LRP1 also markedly decreased
IL-6 mRNA expression in C60 stimulated PAMs (Figure 5D).
However, in contrast to mRNA expression, CD14 and LRP1
knockdown increased IL-6 protein secretion by C60 stimulated
PAMS. Overall, knockdown of CD14 consistently downregulated
SP-A enhanced cytokine mRNA expression, suggesting a common
SP-A-CD14 axis for ENM-induced cytokine production.

Knockdown of CD14 Expression in
Alveolar Macrophages Reduced
ENM Uptake
Finally, we determined the effect of CD14 knockdown on the
phagocytosis of ENMs by PAMs. CD14 knockdown reduced
phagocytosis of MWCNT-7 pre-incubated with SP-A by PAMs:
With pre-incubation of SP-A, 65.3% of the observed PAMS
contained MWCNT-7 fibers while only 12.9% of CD14
knockdown PAMs contained MWCNT-7 fibers (Figures 6A,
B, K). CD14 knockdown also reduced phagocytosis of TiO2 and
SiO2: In the presence of SP-A, 47.3% of the PAMs contained
TiO2 particles while only 19.5% of CD14 knockdown PAMs
contained TiO2 particles (Figures 6C, D, K); in the presence of
SP-D, 66.1% of PAMs contained TiO2 particles while only 16.6%
of CD14 knockdown PAMs contained TiO2 particles
(Figures 6E, F, K); in the presence of SP-A, 46.0% of the
PAMs contained SiO2 particles while only 16.7% of CD14
knockdown PAMs contained TiO2 particles (Figures 6G, H, K);
Frontiers in Immunology | www.frontiersin.org 826
in the presence of SP-D, 55.5% of PAMs contained SiO2 particles
while only 11.2% of CD14 knockdown PAMs contained TiO2

particles (Figures 6I, J, K). As noted above, because C60 is
isotropic, phagocytosis of C60 could not be evaluated using
polarized light microscopy.
DISCUSSIONS

Pulmonary inflammation is a common lesion by inhaled ENMs
and other airborne dusts. The extent and type of pulmonary
inflammation depend on the amount and type of inhaled ENMs
deposited in the lung particular in the alveolar region, since
mucociliary movement in the upper respiratory tract rapidly and
effectively clears large particles deposited in the upper airways.
Because of their tiny size, ENMs tend to deposit in the alveolar
region. ENMs deposited in the alveolar region are gradually
eliminated over time by various clearance mechanisms. If ENMs
cannot be effectively cleared, persistent chronic inflammation
may lead to chronic obstructive pulmonary disease, emphysema
and lung fibrosis. In this study, we chose 4 types of ENMs
(MWCNT, TiO2, SiO2 and C60), each with different shapes,
chemical compositions, sizes, and surface properties, and tried to
find out a common clearance mechanism and different cytokine
production by alveolar macrophages (AMs). The results may
contribute to their toxicological safety assessment and provide
instruction for production of safe ENMs.
A B

C

FIGURE 3 | Analysis of ENM-bound proteins. 800 mg of MWCNT-7, TiO2, SiO2, or C60 was incubated with 1 ml of 20-fold concentrated rat BALF at 37°C for 4-6 hr.
The bound proteins were then disassociated from the ENMs and analyzed by SDS-PAGE and LC/MS. (A) imagine of SDS-PAGE; (B) Venn diagram showing the
distribution of the proteins bound to the 4 ENMs; and (C) abundance of SP-A, SP-D, and SP-B bound to each type of ENM.
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AMs phagocytose and clear airborne dusts and microbial
pathogens encountered in the lung. Inhaled ENMs are also
cleared from the lung by macrophages. ENMs have relatively
simple chemical compositions. Thus, unlike microorganisms
composed of biological macromolecules, most types of ENMs
do not have structures that are recognized by receptors, such as
PRRs expressed on macrophages. Opsonization of ENMs by
proteins that are recognized by macrophages is a likely
Frontiers in Immunology | www.frontiersin.org 927
mechanism by which macrophages recognize and phagocytose
ENMs. However, while it is known that SP-A and SP-D are
found in the corona of PEG-, PLGA-, or Lipid-modified
nanoparticles (28) and that SP-A increases cellular binding and
uptake of nanoparticles coated with different polymers by AMs
(29), the process by which alveolar macrophages recognize and
phagocytose uncoated ENMs has not yet been characterized. The
present study was undertaken to investigate this question.
A B

D

E F

G H

C

FIGURE 4 | Effects of SP-A and SP-D on cytokine production. Rat primary alveolar macrophages in X-VIVO™ serum-free medium were treated with the vehicle; or 1
mg/ml MWCNT-7, TiO2, SiO2, or C60; or 1 mg/ml MWCNT-7, TiO2, SiO2, or C60 pre-incubated with 1 mg/ml of recombinant human SP-A, SP-D, or 10% concentrated
BALF, and cultured for 12 hours. The RNAs isolated from the treated cells were analyzed by qPCR for expression of TNF-a, IL-1b and IL-6 (A–D). The culture media was
collected and used for ELISA detection of TNF-a, IL-1b, and IL-6 (E–H). (A, E) treatment with MWCNT-7. (B, F), treatment with TiO2. (C, G), treatment with SiO2.D and
H, treatment with C60. *, **, *** and **** p values less than 0.05, 0.01, 0.001, and 0.0001, respectively, compared with the negative control (NC).
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We initially examined the effect of bronchioalveolar lavage
fluid (BALF) on the phagocytosis of 3 different types of ENMs
(MWCNT-7, TiO2, and SiO2) and found that BALF enhanced
phagocytosis of these ENMs by primary rat AMs: C60, the fourth
Frontiers in Immunology | www.frontiersin.org 1028
type of ENM used in our study, is isotropic and therefore specific
phagocytosis of C60 could not be observed by polarized light
microscopy. Next, we examined the proteins associated with the
ENMs that could be involved in phagocytosis of these particles.
A B

D

E F

G H

C

FIGURE 5 | Effect of LRP1, CD14, and SIRPa knockdown on cytokine production. Expression of LRP1, CD14, and SIRPa in rat primary alveolar macrophages was
knocked down (k/d) by gene-specific siRNAs. Macrophages were then treated with the vehicle; or 1 mg/ml MWCNT-7, TiO2, SiO2, or C60; or 1 mg/ml MWCNT-7,
TiO2, SiO2, or C60 pre-incubated with 1 mg/ml of recombinant human SP-A, SP-D, or 10% concentrated BALF, and cultured for 12 hours. The cells were harvested
for RNA isolation and qPCR analysis (A–D) and the culture supernatants were collected for ELISA (E–H). (A, E) detection of TNF-a in MWCNT treated cells;
(B, F) detection of IL-1b in TiO2 treated cells; (C, G) detection of IL-1b in SiO2 treated cells; and (D, H) detection of IL-6 in C60-treated cells. *, ** and *** p values
less than 0.05, 0.01, and 0.001, respectively, compared with the negative control (NC).
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We identified 854 proteins that co-precipitated with the 4
different types of ENMs. Of the 854 proteins associated with
these ENMs, 332 proteins were associated with all 4 ENMs.
Notably, the lung surfactant proteins SP-A, SP-B, and SP-D were
associated with all 4 ENMs, and SP-B and SP-D were among the
most abundant proteins associated with MWCNT-7, SiO2, and
C60. We therefore tested the effect of SP-B, SP-D, and SP-A on
macrophage activation by MWCNT-7, TiO2, SiO2, and C60. SP-
B did not affect macrophage activation by any of the 4 test ENMs.
In contrast, SP-A and SP-D enhanced macrophage activation by
all 4 test ENMs. These results are in agreement with the known
functions of these proteins: SP-B and SP-C are hydrophobic and
reduce the surface tension of the lung, while SP-A and SP-D are
more hydrophilic and act as opsonins to enhance phagocytosis of
microbial pathogens by AMs (18, 19).

Next, we determined the effect of LRP1, CD14, and SIRPa
knockdown on the production of cytokines by AMs exposed to
the test ENMs in the presence of SP-A or SP-D. While our
experiments were performed using primary rat AMs rather than
cell lines, allowing variation in CD14 expression levels to exist
between cells, downregulation of CD14 in populations of AMs
markedly reduced SP-A/ENM-induction of TNF-a mRNA
expression by MWCNT-7 treated AMs, IL-1b mRNA
expression by TiO2 and SiO2 treated AMs, and IL-6 expression
by C60 treated AMs, and to a lesser extent, CD14 knockdown
decreased protein expression of these cytokines in MWCNT-7,
TiO2, and SiO2 treated cells. Importantly, downregulation of
CD14 also markedly reduced phagocytosis. These results indicate
the involvement of the SP-A-CD14 pathway in the phagocytosis
of ENMs and subsequent activation of AMs. In the presence of
Frontiers in Immunology | www.frontiersin.org 1129
SP-D, downregulation of CD14 also reduced L-1b mRNA
expression by TiO2 and SiO2 treated AMs, but did not reduce
TNF-a mRNA expression by MWCNT-7 treated AMs or IL-6
expression by C60 treated AMs. This result suggests that the SP-
D-CD14 pathway differs from the SP-A-CD14 pathway. Since
both SP-A and SP-D were associated with all 4 ENMs and CD14
is a receptor for both SP-A and SP-D, the result with SP-D
appears to conflict with the result with SP-A. However, the
difference is likely related to the fact that CD14 binds to SP-A
and SP-D via different mechanisms [22], and that the protein
corona surrounding the different ENMs is highly complex [14],
making it is likely that the interaction and orientation of SP-A
and SP-D with ENMs are dependent on the type of ENM to
which they attach (summarized in Supplementary Figure S11).

SP-A and SP-D are lung-specific proteins existing in the
pulmonary surfactant. In addition to their functions in the
homeostasis of the pulmonary surfactant (30, 31), they are also
involved in the host defense against various pulmonary
pathogens, such as respiratory syncytial virus, mycobacterium
tuberculosis, bacteria, viruses and fungi (32, 33). Structurally, SP-
A and SP-D belong to the collectin family with a C-terminal
carbohydrate recognition domain (CRD) and an N-terminal
collagen like domain (34) and act as opsonins by interaction
via the CRD with various microorganisms and their derived
components to enhance phagocytic function of AMs through
CD14, Toll-like receptors and other receptors expressing on the
surface of AMs (22, 35). Our results, indicate that opsonization
by SP-A and/or SP-D is an important defense mechanism not
only in the elimination of invading microbes, but also in the
clearance of inhaled ENMs and is likely to be important in the
FIGURE 6 | Effect of CD14 knockdown on phagocytosis of MWCNT-7, TiO2, and SiO2. Polarized light microscope images of primary alveolar macrophages treated
with MWCNT-7 pre-incubated with SP-A (A); CD14-knockdown primary alveolar macrophages treated MWCNT-7 pre-incubated with SP-A (B); primary alveolar
macrophages treated with TiO2 pre-incubated with SP-A (C); CD14-knockdown primary alveolar macrophages treated with TiO2 pre-incubated with SP-A (D);
primary alveolar macrophages treated with TiO2 pre-incubated with SP-D (E); CD14-knockdown primary alveolar macrophages treated with TiO2 pre-incubated with
SP-A (F); primary alveolar macrophages treated with SiO2 pre-incubated with SP-A (G); CD14-knockdown primary alveolar macrophages treated with SiO2 pre-
incubated with SP-A (H); primary alveolar macrophages treated with SiO2 pre-incubated with SP-D (I); and CD14-knockdown primary alveolar macrophages treated
with SiO2 pre-incubated with SP-D (J). Percentages of alveolar macrophages with phagocytosed MWCNT-7, TiO2, and SiO2 were shown (K). Arrows indicate
alveolar macrophages with phagocytosed ENMs; bars = 50 mm. *** and **** represent p values less than 0.001 and 0.0001, respectively.
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clearance of other dusts as well. Our results also suggest that
other proteins found in pulmonary surfactant, such as IgG and
complement proteins, may also be involved in the clearance of
ENMs from the lung, since they were also found to bind to
MWCNT-7, TiO2, SiO2 and C60 (Supplementary Table S1).

Another finding of the current study is that different ENMs
induced the expression of different cytokines: increased
expression of TNF-a by MWCNT-7; increased expression of
IL-1b by TiO2 and SiO2; and increased expression of IL-6 by C60.
The difference in the induction of these cytokines, and other
cytokines, likely contributed to the difference and extent of the
pulmonary inflammation in ENM treated rats (see Figure 1). For
example, MWCNT-7 and C60, which enhance expression of
TNF-a and IL-6, respectively, by activated macrophages, are
much more inflammatory than TiO2 and SiO2, which enhance
expression of IL-1b: while IL-1b is a well know inflammatory
cytokine, it can also contribute to the resolution of inflammation
(36). However, in chronic inflammatory conditions, IL-1b can
promote carcinogenesis (37). Thus, while the primary factor in
the lung toxicity of an ENM is bio-persistence in the lung, the
type of cytokines expressed by activated macrophages also affects
the lung toxicity of inhaled ENMs.

In conclusion, SP-A and SP-D opsonized all four of the studied
ENMs. SP-A enhanced phagocytosis of the 3 ENMs (MWCNT-7,
TiO2, SiO2) that could be observed by polarized light microscopy,
and SP-A enhanced macrophage activation by all 4 ENMs,
indicating that SP-A also enhanced phagocytosis of C60. SP-D
also enhanced phagocytosis and macrophage activation by TiO2

and SiO2. Interaction of SP-A and SP-D opsonized ENMs with
macrophages was via interaction with CD14. Our results
demonstrate a role for SP-A and SP-D as opsonins for all the
test ENMs, allowing macrophages to recognize and remove the
vast majority of these particles, thereby, greatly lessening their
toxicity in the lung. Our results also show that expression of
cytokines by ENM-activatedmacrophages can differ depending on
the type of ENM that comes into contact with the macrophage.
However, detailed molecular mechanisms for ENM-specific
cytokine induction need further investigation. Importantly, such
studies need to include ENMs treated with the biological fluids,
such as BALF, present in the tissue in which interactions with the
test ENMs occur.
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Activation of tissue repair program in macrophages requires the integration of IL-4/IL-13
cytokines and tissue-specific signals. In the lung, surfactant protein A (SP-A) is a tissue
factor that amplifies IL-4Ra-dependent alternative activation and proliferation of alveolar
macrophages (AMs) through the myosin18A receptor. However, the mechanism by which
SP-A and IL-4 synergistically increase activation and proliferation of AMs is unknown.
Here we show that SP-A amplifies IL-4-mediated phosphorylation of STAT6 and Akt by
binding to myosin18A. Blocking PI3K activity or the myosin18A receptor abrogates SP-A´
s amplifying effects on IL-4 signaling. SP-A alone activates Akt, mTORC1, and PKCz and
inactivates GSK3a/b by phosphorylation, but it cannot activate arginase-1 activity or AM
proliferation on its own. The combined effects of IL-4 and SP-A on the mTORC1 and
GSK3 branches of PI3K-Akt signaling contribute to increased AM proliferation
and alternative activation, as revealed by pharmacological inhibition of Akt (inhibitor VIII)
and mTORC1 (rapamycin and torin). On the other hand, the IL-4+SP-A-driven PKCz
signaling axis appears to intersect PI3K activation with STAT6 phosphorylation to achieve
more efficient alternative activation of AMs. Consistent with IL-4+SP-A-driven activation of
mTORC1 and mTORC2, both agonists synergistically increased mitochondrial respiration
and glycolysis in AMs, which are necessary for production of energy and metabolic
intermediates for proliferation and alternative activation. We conclude that SP-A signaling
in AMs activates PI3K-dependent branched pathways that amplify IL-4 actions on cell
proliferation and the acquisition of AM effector functions.

Keywords: IL-4, surfactant protein A, macrophage alternative activation, proliferation, Pi3k-akt, mTORC1,
PKCz, metabolism
INTRODUCTION

Macrophages are crucial regulators of the initiation, maintenance, and resolution of repair following
injury (1, 2). Tissue repair activities of macrophages are associated with type II cytokine activation (IL-4
and IL-13) through IL-4Ra. Global and myeloid cell-specific disruption of the IL-4Ra gene has been
shown to cause tissue repair deficiencies in the lung and liver in different models of injury (3, 4).
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Mechanistically, it has been proposed that IL-4Ra-activation of
macrophages induces, either directly or through other cell types, the
secretion of growth factors like IGF-1 and the production of repair
factors like i) collagen type I, alpha 1, which forms the extracellular
matrix; ii) resistin-like molecule alpha (Relma), which serves to
cross-link collagen with fibrils; and iii) arginine-derived polyamines,
which are necessary for collagen synthesis and cell proliferation (1,
2, 5). Furthermore, IL-4Ra signaling instructs macrophage
proliferation, resulting in local expansion of this effector
population (6).

We recently reported that IL-4 may not be sufficient for the full
induction of alternative activation and proliferation of tissue
macrophages and that involvement of local tissue signals is also
required (4). Surfactant protein (SP-) A, in the lung, and the first
component of the complement system (C1q), in the liver, enhance
IL-4Ra-dependent alternative activation, proliferation, and tissue-
repair functions of resident macrophages through binding their
collagen domains to the myosin 18A receptor (4). SP-A and C1q
are versatile recognition proteins, which belong to the group of
secreted soluble defense collagens that includes C1q, collectins
(e.g., SP-A, SP-D, mannan-binding lectin), ficolins, and
adiponectin (7). SP-A is secreted to the alveolar fluid by
epithelial type II cells. This protein has important functions in
the lung, integrating intrinsic host-defense properties in a lipid-
rich medium (pulmonary surfactant) required to protect the lung
against alveolar collapse during the breathing cycle (7–9). Thus,
SP-A performs its host defense functions and at the same time
facilitates the surface-active biophysical functions of the surfactant
system (10).

SP-A significantly boosted IL-4-mediated proliferation and
alternative activation induced by IL-4 in human, mouse, and rat
alveolar macrophages (AMs) (4). Mice lacking SP-A exhibited
reduced IL-4-dependent activation and proliferation of AMs.
Interestingly, IL-4 increases the production of SP-A by epithelial
type II cells and the expression of myosin 18A receptor
(Myo18A) on the surface of AMs for full IL-4-dependent
alternative activation and proliferation (4). Studies with SP-A-
deficient mice infected with the lung-migrating nematode
Nippostrongylus brasiliensis demonstrated that SP-A is required
for i) accelerating parasite clearance; ii) reducing pulmonary
injury after infection; and iii) promoting tissue repair (4).

In this study we asked what are the intracellular signaling
pathways by which SP‐A amplifies IL‐4‐effects in AMs. IL-4
signals through both the type I receptor (expressed on myeloid
cells and lymphocytes and composed of the IL-4Ra chain and IL-
2Rg chain, also called gc) and the type II receptor (expressed on
myeloid cells and all non-hematopoietic cells and composed of the
IL-4Ra and IL-13Ra1 chains). Both IL-4 receptors signal via the
Janus kinase (JAK)/signal transducer and activator of
transcription 6 (STAT6) pathway that induces robust expression
of genes associated with alternative activation in bone marrow-
derived macrophages (BMDM) and peritoneal macrophages
(pMs) (11, 12). IL-4 activation of the type I receptor also
induces highly efficient tyrosine phosphorylation of insulin
receptor substrate 2 (IRS2). Although IRS2 does not possess
intrinsic enzymatic activities, it functions as an activator for a
Frontiers in Immunology | www.frontiersin.org 233
few other signaling proteins such as phosphatidylinositol-3 kinase
(PI3K). Thus, IRS2 triggers the PI3K/Akt/mTORC1 pathway that
activates cell growth, proliferation, and synthesis of extracellular
matrix macromolecules in BMDM and pMs (12–15). PI3K/Akt
activation also enhances the expression of a subset of alternative
activation markers, such as Arg1 and Retnla in BMDM (13, 14)
and pMs (15). Given that SP-A activates the PI3K signal
transduction pathway to upregulate the mannose receptor
expression in human monocyte derived macrophages (16) and
promote atypical protein kinase C z (PKCz) phosphorylation (17)
and regulation of endolysosomal trafficking dependent on the
PI3K/PKCz axis (18), we hypothesized that the induction of PI3K
signaling by SP-A could increase IL-4 actions on AMs.

The objective of this study was to dissect SP-A-dependent
signaling pathways that strengthen IL-4 signaling in AMs and to
determine the metabolic profile of these cells. Our results indicate
that SP-A enhances IL-4 effects in AMs through activation of PI3K,
Akt, mTORC1, and PKCz, and inactivation of GSK3a/b. In
addition, we found that SP-A and IL-4 act synergistically to
increase mitochondrial respiration and glycolysis. These processes
provide energy and metabolic intermediates that sustain alternative
activation and proliferation of alveolar macrophages.
MATERIALS AND METHODS

Reagents
Cell culture media and reagents were from Lonza (Basel,
Switzerland). Western blotting materials were obtained from
Bio-Rad (Hercules, California). Akt inhibitor VIII and PKCz
pseudosubstrate inhibitor myristoylated were from Calbiochem,
(Darmstadt, Germany). PI3K inhibitor (LY294002), rapamycin
and torin-1, as well as antibodies against phospho-STAT6
(Tyr641), phospho-Akt (Ser 473), phospho-PKCz/l (Thr410/
403), phospho-4E-BP1 (Ser65), phospho-GSK3b (Ser 9),
phospho-FoxO3a (Thr32), their respective total protein
antibodies, and a-tubulin were purchased at Cell Signaling
Technologies (Danvers, Massachusetts). Antibodies against
anti-b actin, anti-PKCz H1 and anti-EEA1 were from Santa
Cruz Biotechnology (Dallas, Texas), and anti-STAT6, Alexa
Fluor 488 anti-mouse IgG, and Alexa Fluor 633 anti-rabbit IgG
were from Thermo Fisher Scientific (Waltham, Massachusetts).
All other reagents were of analytical grade, purchased from
Sigma-Aldrich (St. Louis, Missouri) unless otherwise specified.

Isolation, Purification and Characterization
of Native SP-A
Surfactant protein A was isolated from bronchoalveolar lavages
(BAL) of patients with alveolar proteinosis using a sequential
butanol and octylglucoside extraction (4, 19–23). The purity of SP-
A was checked by one-dimensional SDS-PAGE in 12% acrylamide
under reducing conditions and mass spectrometry. The
oligomerization state of SP-A was assessed by electrophoresis
under non-denaturing conditions (22, 23), electron microscopy
(23), and analytical ultracentrifugation as reported elsewhere (22).
SP-A consisted of supratrimeric oligomers of at least 18 subunits.
April 2022 | Volume 13 | Article 860262
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Each subunit had a relative molecular mass (Mr) 36 kDa. The
endotoxin content of native or recombinant human SP-A was <
0.1 endotoxin units/mg of SP-A as determined by Limulus
amebocyte lysate assay (Lonza).

Isolation and Culture of Primary AMs
AMs were obtained from BAL of male Sprague–Dawley rats
(Envigo). Rats (∼350 g) were anesthetized with ketamine (80 mg/
kg; Merial, Duluth, GA) and xylazine (10 mg/kg; Bayer,
Leverkusen, Germany) and the cardiopulmonary block was
extracted to perform BALs with 40ml of PBS (0.2mM EDTA).
Animal handling procedures to obtain BAL were reviewed and
approved by the local ethics committee (both Complutense
University of Madrid and Autonomous Community of
Madrid), according to Directive 2010/63/EU of the European
Parliament and the Spanish law RD53/2013 on protection of
animals used for experimentation. In some experiments, AMs
were obtained from BAL of SP-A-deficient mice as previously
reported (4, 24). Importantly, AMs from SP-A-deficient mice
were normal in number, phenotype and ability to respond to IL-
4 (4). Animal care was conducted according to the Schleswig-
Holstein Ministry of Energy, Agriculture, the Environment,
Nature and Digitalization. Mice were housed under pathogen-
free conditions with an inverted 12-hour light/dark cycle and had
free access to food and water.

Bronchoalveolar cells were separated from lavage fluid by
centrifugation (250 g, 7 min). The sedimented cells were washed
twice with PBS, and the cell pellet was resuspended in RPMI
1640 medium (10% heat inactivated FBS, 100 U/ml penicillin,
and 100 mg/ml streptomycin, supplemented with 2 mM
glutamine). AMs were purified by adherence for 90 min at 37°C
under a 95% air-5% CO2 atmosphere in 150-mm culture dishes as
reported previously (4, 19, 24). Adherent cells were 94.0 ± 1.1%
viable (trypan blue exclusion test). To evaluate the purity of the
isolated macrophages, rat AMs were immuno-stained with anti-
CD11c (AbD Serotec, Kidlington, U.K.) and were analyzed by flow
cytometry. Adherent cells were found to be composed of 90 ±
1% AMs.

Incubation Conditions
Adherent cells were gently scraped, plated in 96-well plastic
dishes (7.5 x 104 cells/well) in 0.2 ml RPMI 1640 medium
supplemented with 5% FBS, 2 mM glutamine, 100 U/ml
penicillin, and 100 mg/ml streptomycin, and pre-cultured
overnight. Cells were cultured in the presence or absence of rat
recombinant IL-4 (1 mg/ml) (ImmunoTools, Berlin, Germany)
and/or SP-A (25, 50 and 100 mg/ml) as reported previously (4).
SP-A was added simultaneously with IL-4 to cells. Lower doses of
IL-4 (0.1-1 mg/ml) were also assayed. Different concentrations of
inhibitors were titrated to minimize undesired effects and
toxicity. After titration the following concentrations were used:
50 nM LY294002 (PI3K inhibitor), 25 or 100 nM Akt inhibitor
VIII (Isozyme-selective, Akti-1/2) as indicated, 30 mM PKCz
Pseudosubstrate inhibitor, myristoylated, 25 or 100 nM torin-1,
and 5 or 20 nM rapamycin, as indicated. Cell viability was 95 or
97% under assay conditions and after treatment with inhibitors.
Frontiers in Immunology | www.frontiersin.org 334
Macrophage cultures were plated in triplicate wells, and each
series of experiments was repeated at least three times.

siRNA-Targeted Silencing of Myo18A
After isolation, primary AMs were resuspended in Amaxa®

mouse macrophage nucleofector solution (Lonza) and
nucleofected with 100 nM siRNA using a nucleofector 2b
device (Lonza) as previously reported (4). Experiments were
conducted using two Stealth siRNAs directed against rat
Myo18A (RSS322720 and RSS322721) (Applied Biosystems,
Carlsbad, California). Medium GC Stealth siRNA was used as
control (12935300) (Applied Biosystems). Myo18A expression
was detected by Western blot analysis with an anti-Myo18A
antibody as reported previously (4). After 48 hours post
nucleofection, Myo18A expression was reduced 72 ± 4% for
RSS322720 and 71 ± 5% for RSS322721 compared to control. At
this time-point, cells were stimulated.

Immunoprecipitation of PKCz
AMs were stimulated with SP-A, IL-4 or combinations thereof
for 8 minutes. PKCz immunoprecipitation was performed as in
(17), with modifications. After culture, cells were lysed at 4°C for
30 min in 500 ml of lysis buffer: 50 mM Tris-HCl (pH 8.0), 150
mMNaCl, 0.5 mM EDTA, 0.5% IGEPAL, 1 mM benzamidine, 200
µg/ml aprotinin, 200 mg/ml leupeptin, 1 mM phenylmethylsulfonyl
fluoride (PMSF), 20 mM b-glycerophosphate, 10 mM NaF, 10 mM
sodium pyrophosphate and 2 mM orthovanadate. The lysates were
centrifuged at 10 000 × g for 10 min, and the supernatants were
precleared by adding protein A-agarose (50 ml) and incubated at
4°C for 45 min, followed by centrifugation at 10 000 × g for 10 min.
The precleared supernatant was incubated with anti-PKCz antibody
or control IgG at 4°C overnight, after which 50 ml of protein A-
agarose was added for 3 h at 4°C with gentle rotation. The immune
complexes were collected by centrifugation at 10,000 × g for 5 min
at 4°C, washed three times with cold lysis buffer, and released by
boiling with Laemmli loading buffer. Phosphorylation of PKCz was
subsequently analyzed by Western blot using an anti-Phospho-
PKCz/l (Thr410/403) and anti-PKCz, as described below.

Western Blot Analysis
AMs were stimulated with SP-A, IL-4 or combinations thereof for
90 min to determine p-STAT6(Tyr641), 30 min to analyze p-Akt
(Ser473) and p-4E-BP1 (Ser65), 10 min for p-GSK3 a/b (Ser21/9),
and 45 min for p-FoxO3a (Thr32). Cells were lysed by shaking 30
min at 4°C with a buffer containing: 10 mM HEPES (pH 7.9), 15
mM MgCl2, 10 mM KCl, 0.5 mM EDTA, 0.2% Triton X-100,
1 mM benzamidine, 200 µg/ml aprotinin, 200 µg/mL leupeptin,
1 mM phenylmethylsulfonyl fluoride (PMSF), 20 mM b-
glycerophosphate, 10 mM NaF, 10 mM sodium pyrophosphate
and 2 mM orthovanadate (Sigma-Aldrich). Samples were resolved
by SDS-PAGE under reducing conditions and transferred to
polyvinylidene fluoride membranes (Bio-Rad). After blocking
with 2.5% (m/v) skim milk, membranes were washed in PBS
0.1% Tween20 and incubated with anti-phospho or anti-total
protein antibodies, as indicated, overnight at 4°C. The
membranes were washed, incubated with HRP-labeled anti-
April 2022 | Volume 13 | Article 86026
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rabbit/mouse IgG, and exposed to ECL reagents (Merck Millipore,
Darmstadt, Germany). Immunoreactive bands intensity were
quantified (Quantity One Software; Bio-Rad), and then
normalized to the respective total protein for quantification of
phosphorylated proteins, except p-4E-BP1 which was normalized
relative to b-Actin.

Arginase Activity Assay
Arginase activity was measured as previously reported (4).
Activated AMs with or without IL-4 and/or SP-A at 37°C for
48h were lysed with 50 ml of 50 mM Tris–HCl (pH 7.5), 0.1%
Triton X-100, 1 mM benzamidine, 200 mg/ml aprotinin, and 200
mg/ml leupeptin. After 30 min shaking at 4°C, arginase was
activated with 50 ml of 10 mM MnCl2 and 50 mM Tris-HCl, pH
7.5, for 10 min at 55°C. L-arginine hydrolysis was measured by
incubating the cell lysate with 25 ml of 0.5 M L-arginine (Sigma-
Aldrich) (pH 9.7) at 37°C for 1 h. The reaction was stopped by
addition of 200 ml H2SO4/H3PO4/H2O (1:3:7 v/v). The produced
urea was quantified at 570 nm after addition of 25 ml of a-
isonitrosopropiophenone (dissolved in 100% ethanol) followed
by heating at 99°C for 45 min. Urea production was normalized
to cell number for each treatment by quantifying cells with the
WST-1 reagent (Roche), following manufacturer’ instructions.
One unit of arginase activity is defined as the amount of enzyme
that catalyses the formation of 1 mmol urea per min.

Cell Proliferation Assays
For 5-Bromo-2’-deoxyuridine (BrdU) incorporation analysis (4),
cells were treated with IL-4 and/or SP-A for 24h. Then, cells were
exposed to 10 µM BrdU for another 24h. Detection of BrdU
incorporation was performed by ELISA using BrdU cell
proliferation assay (Cell Signaling Technologies) as previously
reported (4). Briefly, cells are fixed, and DNA is denatured.
Then, a BrdU mouse monoclonal antibody is added to detect
the incorporated BrdU, followed by anti-mouse IgG linked to HRP
secondary antibody. Finally, the HRP substrate tetra
methylbenzidine is added to develop color. The retention of the
cells at the bottom of the well after the removal of the supernatant
was checked by the WST-1 assay. Cell number in all treatments
was similar before and after supernatant removal.

Bioenergetic Characterization of AMs
AMs were plated at 2 x 105 cells/well in 1-, 5- or 11-mM glucose
RPMI, during 24 h in a poly-L-lysine-coated Seahorse XFe24
microplate. RPMI was supplemented with 2 mM glutamine, 5%
heat-inactivated FBS and 100 U or mg/ml of penicillin/
streptomycin. Then, macrophages were stimulated with SP-A,
IL-4 or combinations thereof for 24 h. Afterwards, cells were
incubated in bicarbonate-free RPMI supplemented with glucose
(1-, 5- or 11-mM), 2mM glutamine, and 2% FBS, at 37°C in a
CO2-free incubator. Oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) were simultaneously
measured in a Seahorse XFe24 Extracellular Flux Analyzer
(Agilent Technologies, CA). After four measurements under
basal conditions, cells were treated sequentially with 1 mM
oligomycin, 0.6 mM carbonyl cyanide p-(trifluoromethoxy)
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phenylhydrazone (FCCP), 0.4 mM FCCP, and 1 mM rotenone
plus 1 mM antimycin A, with three consecutive determinations
under each condition. Nonmitochondrial respiration (OCR
value after addition of rotenone plus antimycin A) was
subtracted from all OCR measurements. Spare respiratory
capacity was calculated by subtracting basal OCR from the
maximal respiratory capacity, which is the maximal OCR in
the presence of FCCP. Glycolytic reserve was calculated by
subtracting basal ECAR from the ECAR rate obtained after
oligomycin treatment.

Glucose Uptake Assays
Glucose uptake was measured as previously reported (25).
Briefly, AMs were plated at 2 x 105 cells/well in 5mM glucose
RPMI (supplemented with 2 mM glutamine, 5% heat-inactivated
FBS and 100 U or mg/ml of penicillin/streptomycin) in a 24-well
plate. The next day, cells were stimulated with SP-A, IL-4 or
combinations thereof for 24 h. Then, the fluorescent glucose
analogue, 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)
amino]-D-glucose (2-NBDG) was added to the wells at a
concentration of 50 mg/ml and cells were incubated for 20
minutes at 37°C under a 95% air-5% CO2 atmosphere. The 2-
NBDG uptake reaction was stopped by removing the incubation
medium and washing the cells twice with PBS. Fluorescence was
measured by flow cytometry using a FACScalibur (Becton
Dickinson, New Jersey) flow cytometer and Cell Quest
software. Background fluorescence was measured in control
cells without 2-NBDG.

Confocal Microscopy/PKCz
Membrane Translocation
AMs from SP-A-deficient mice were used to avoid confounding
effects of the endogenous protein. Macrophages were seeded at
1x105 cells/well on 8-well Lab-TekII chamber slides (Nunc,
Wiesbaden, Germany) and allowed to adhere for 90 min at
37°C in a 5% CO2 atmosphere. After treatment, the cells were
fixed with ice-cold (-20°C) methanol, washed with PBS, followed
by permeabilization with 0.25% Triton X-100. Subsequently, the
cells were blocked with 10% BSA/PBS, washed and incubated
with anti-PKCz H1 and rabbit anti-EEA1 antibodies (1:250 and
1:60, respectively, Santa Cruz). Alexa Fluor 488 anti-mouse IgG
and Alexa Fluor 633 anti-rabbit IgG (1:500, Thermo Fisher
Scientific) was used as secondary antibody. Cell nuclei were
counterstained with DAPI (Thermo Fisher Scientific). Samples
were analyzed using a Leica TCS SP5 confocal laser scanning
microscope (Leica Microsystems, Wetzlar, Germany). Confocal
images were acquired with the Leica Application Suite AF
software and analysis was performed with the Sync Windows
Plugin for Image J.

Statistics
Statistical evaluation of different groups was performed by
analysis of variance (ANOVA) followed by the Bonferroni
multiple comparison test. An a level ≤ 5% (p ≤ 0.05) was
considered significant. All statistical calculations were
performed using PRISM (Graphpad La Jolla, CA).
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RESULTS

SP-A Enhances IL-4 Signaling Through
the Myo18A Receptor
First, we determined whether SP-A could drive IL-4-mediated
activation of STAT6 and Akt. These are the two signaling
branches that are triggered in response to IL-4 type I receptor
activation and are essential for alternative activation and
proliferation of macrophages (6, 11, 12). Figure 1A shows the
phosphorylation of STAT6 (Tyr 641) and Akt (Ser 473) induced
by IL-4 stimulation of AMs. Phosphorylation of STAT6 and Akt
was potentiated by SP-A in a dose-dependent manner. In the
Frontiers in Immunology | www.frontiersin.org 536
absence of IL-4, SP-A could induce significant phosphorylation
of Akt, but not STAT6, confirming the observation that SP-A
induces activation of the PI3K-Akt axis in AMs (16–18).

To analyze whether the Myo18A receptor is mediating SP-A
signaling in alveolar macrophages, we silenced the Myo18A gene
and studied the phosphorylation of STAT6 and Akt in IL-4-
stimulated macrophages in the presence or absence of SP-A.
Silencing Myo18A resulted in a reduction of its expression by 72 ±
4% for RSS322720 siRNA and 71 ± 5% for RSS322721 siRNA
compared to control (Supplementary Figure 1). Figure 1B shows
that silencing the Myo18A receptor abrogated the effects of SP-A on
STAT6 and Akt phosphorylation in macrophages stimulated with
A

B

FIGURE 1 | SP-A acts through Myo18A to enhance STAT6 and Akt activation elicited by IL-4 in AMs. (A) Purified rat AMs were treated with or without IL-4 (1 mg/ml) in
the presence or absence of SP-A at the indicated concentrations. STAT6 and Akt phosphorylation relative to total STAT6 or Akt, respectively, were analyzed by Western
blot. A representative Western blot for p-STAT6 (Tyr641) or p-Akt (Ser473) is shown below each graph. (B) AMs were nucleofected with Myo18A (RSS322720) or control
siRNA. Cells were then stimulated with or without IL-4 (1 mg/ml) and/or SP-A (100 mg/ml), and p-STAT6 and p-Akt were analyzed by Western blot. The data shown are
means ± SEM of three different AM cultures with at least three biological replicates. ANOVA followed by the Bonferroni multiple-comparison test was used. *p < 0.05, **p
< 0.01, and *** < 0.001 when compared with untreated cells. оp < 0.05, ооp < 0.01, and оооp < 0.001 when SP-A+IL-4-treated macrophages were compared with IL-4-
treated macrophages. ##p < 0.01 and ###p < 0.001 when the effect of Myo18A siRNA is compared with siRNA control.
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IL-4. In the absence of IL-4, we observed that silencing the Myo18A
receptor also abolished Akt phosphorylation induced by SP-A
(Figure 1B), indicating that SP-A induces PI3K/Akt activation by
binding to the Myo18A receptor. However, Myo18A silencing had
no impact on p-STAT6 and p-Akt induced by IL-4 alone, in the
absence of SP-A. Together, these data suggest that the binding of
SP-A to the Myo18A receptor amplifies IL-4-mediated
phosphorylation of STAT6 and Akt. In addition, our data
demonstrate that IL-4R signaling does not require Myo18A and
therefore the synergy between IL-4 and SP-Amust occur at the level
of intracellular signaling.
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SP-A Amplification of IL-4 Actions
Depends on PI3K Activation
To assess if SP-A amplification of IL-4 actions depends on PI3K
activation, we inhibited PI3K with 50 nM LY294002 in IL-4-
stimulated macrophages with or without SP-A and analyzed the
phosphorylation of STAT6 (Figure 2A) and Akt (Figure 2B), as
well as alternative activation of AM by measuring arginase
activity (Figure 2C), and proliferation by analyzing BrdU
incorporation in DNA (Figure 2D). As expected, IL-4 did
depend on PI3K to induce p-Akt, but not STAT6
phosphorylation. However, PI3K inhibitor abrogated SP-A-
A B

DC

FIGURE 2 | PI3K inhibition abrogates SP-A effects on IL-4 signaling. Purified rat AMs were pretreated with 50 nM LY294002 (PI3K inhibitor) or vehicle (DMSO) for two
hours. Subsequently, cells were stimulated with or without IL-4 (1 mg/ml) in the presence or absence of SP-A (100 mg/ml) and exposed to 10 mM BrdU for proliferation
analysis. Quantification of (A) p-STAT6 (Tyr641) relative to total STAT6, (B) p-Akt (Ser473) relative to total Akt, (C) arginase activity, and (D) BrdU incorporation in the
newly synthesized DNA of AMs. A representative Western blot for p-STAT6 and p-Akt is shown below each graph. The results are presented as means (± SEM) from
three different cell cultures with at least three biological replicates. ANOVA followed by the Bonferroni multiple-comparison test was used. *p < 0.05, **p < 0.01, and
***p < 0.001 when compared with untreated macrophages. ооp < 0.01 and оооp < 0.001 when SP-A+IL-4-treated macrophages were compared with IL-4-treated
macrophages. #p < 0.05, ##p < 0.01 and ###p < 0.001 when the effect of PI3K inhibitor is compared with the same sample without inhibitor.
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driven enhancement of both STAT6 and Akt phosphorylation in
IL4-stimulated cells. The inhibition of PI3K nullified SP-A-
driven enhancement of alternative activation and proliferation
of IL4-stimulated alveolar macrophages (Figures 2C, D).
However, only proliferation, but not alternative activation, was
PI3K-dependent in macrophages treated with IL-4 alone. This is
consistent with the fact that IL-4R signals via the JAK/STAT6
pathway induces robust alternative activation. Taken together,
these results indicate that SP-A activates Myo18A/PI3K-
dependent coordinated signaling pathways that amplify IL-
4 actions.
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Akt Activation Is Essential for SP-A and IL-
4-Mediated Macrophage Proliferation
One of the best-characterized targets of PI3K is the Akt/mTORC
signaling pathway (26). Upon PI3K activation, Akt is
phosphorylated by PDK1 at Thr 308 and by mTORC2 at Ser
473. Maximal activation of Akt requires phosphorylation of
Ser473 at the hydrophobic motif. We next evaluated whether
the phosphorylation of Akt at Ser 473 induced by SP-A, IL-4, or
both was dependent on mTORC2. Figure 3A shows that the
increase in p-Akt (Ser473) elicited by SP-A, IL-4, and SP-A+IL-4
was completely suppressed by torin (inhibitor of mTORC1 and
A

B

FIGURE 3 | SP-A and IL-4 induce Akt activation to enhance alternative activation and proliferation of AMs. (A) Purified rat AMs were pre-treated with 20 nM
rapamycin, 100 nM torin 1, or vehicle for one hour. Cells were then stimulated with or without IL-4 (1 mg/ml) in the presence or absence of SP-A (100 mg/ml) 30
minutes, then Western blot for quantification of p-Akt (Ser473) relative to total Akt was performed. A representative Western blot image is shown below the graph. In
(B) arginase activity and BrdU incorporation were measured in purified rat AMs pretreated with 25 nM (Lo), 100 nM (Hi) Akt inhibitor VIII, or vehicle for two hours, and
then stimulated with or without IL-4 (1 mg/ml) and/or SP-A (100 mg/ml). The results are presented as means (± SEM) from three different cell cultures with at least
three biological replicates. ANOVA followed by the Bonferroni multiple-comparison test was used. *p < 0.05, **p < 0.01, and ***p < 0.001 when compared with
untreated macrophages. оооp < 0.001 when SP-A+IL-4-treated macrophages were compared with IL-4-treated macrophages. #p < 0.05 and ###p < 0.001 when the
effect of any inhibitor (Akt inhibitor VIII or torin1) is compared with the same sample without inhibitor.
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mTORC2) but not by rapamycin (specific inhibitor of
mTORC1), confirming that the complex responsible for
phosphorylation of Akt at Ser473 was mTORC2.

To evaluate whether Akt affects the proliferation and alternative
activation of alveolar macrophages stimulated with IL-4 and/or SP-
A, we inhibited Akt activation with the Akt inhibitor VIII at
concentrations of 25 or 100 nM (Figure 3B). We observed that
25 nM Akt inhibitor VIII drastically suppressed AM proliferation
by IL-4 alone, which confirmed previous observations (15), and by
IL-4 in combination with SP-A. In contrast, low concentrations of
Akt inhibitor VIII did not affect arginase activity measured in
alveolar macrophages stimulated with IL-4 or IL-4+SP-A
(Figure 3B). Higher concentrations of Akt inhibitor VIII are
needed to block arginase activity stimulated by IL-4+SP-A. These
results demonstrate that while Akt activation is essential for
macrophage proliferation, other signaling pathways, in addition to
the PI3K/Akt pathway, are directly involved in signaling that
promotes alternative activation of alveolar macrophages.

SP-A and IL-4 Inactivate GSK3a/b by Akt-
Dependent Phosphorylation and Enhance
mTORC1 Kinase Activity
The three best-established downstream targets of Akt are glycogen
synthase kinase 3 (GSK3), forkhead box O family of transcription
factors (FoxO), and mTORC 1 (26). We first analyzed whether IL-4
and/or SP-A affected the phosphorylation of GSK3ab and FoxO3a
in alveolar macrophages. Akt-dependent phosphorylation of the a
and b subunits of GSK3 blocks the inhibitory actions of GSK3 on
metabolism, proliferation, or cell survival (26). Figure 4A shows
that SP-A, IL-4, and IL-4+SP-A (no additive effect) significantly
increased phosphorylation of GSK3a and b subunits (in the
residues Ser 21 and 9, respectively), which is consistent with the
role of IL-4 and IL-4+SP-A in increasing macrophage proliferation.
Inhibition of Akt suppressed GSK3 phosphorylation (data not
shown). Regarding FoxO3a, a gene transcriptional activator also
known as a tumor suppressor, we found that FoxO3a
phosphorylation was not affected by IL-4 and/or SP-A stimulation
of alveolar macrophages (Supplementary Figure 2).

We next analyzed whether IL-4 and/or SP-A affected
mTORC1 activation, which promotes anabolic processes, cell
growth, and proliferation (26) and enhances the expression of a
subset of alternative activation markers in BMDM (13, 14). One
of the main targets of mTORC1 activation is eukaryotic
translation initiation factor 4E-binding protein 1 (4E-BP1),
which is used as a canonical mTORC1 substrate. We evaluated
phosphorylation of 4E-BP1 (Figure 4B) and found that the
kinase activity of mTORC1 increased in the presence of SP-A,
IL-4, and IL-4+SP-A. The activity of mTORC1 kinase was
completely inhibited by rapamycin and torin 1 (Figure 4B).

Pharmacological Inhibition of mTORC1
suppresses IL-4- and IL-4+SP-A-Mediated
Alternative Activation and Proliferation of
Alveolar Macrophages
Figure 5A shows that mTORC1 was involved in IL-4- and IL-4
+SP-A-dependent alternative activation (synergistic effect),
Frontiers in Immunology | www.frontiersin.org 839
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FIGURE 4 | SP-A and IL-4 enhance GSK3a/b phosphorylation and
mTORC1 activation. (A) AMs were stimulated with or without IL-4 (1mg/ml)
and/or SP-A (100 mg/ml) and phosphorylation of GSK3-a/b(Ser21/9) was
measured. (B) Purified rat AMs were pretreated with 20 nM rapamycin, 100
nM torin 1, or vehicle (no inhibitor) for one hour. Cells were then stimulated
with or without IL-4 (0.5 mg/ml) in the presence or absence of SP-A (40 mg/
ml). p-4E-BP1(Ser65) relative to b-actin was quantified by Western blot.
Representative Western blot analyses are shown below each graph. The
results are presented as means (± SEM) from three different AM cultures with
at least three biological replicates. ANOVA followed by the Bonferroni
multiple-comparison test was used. *p < 0.05, **p < 0.01, and ***p < 0.001
when compared with untreated macrophages. #p < 0.05, ##p < 0.01, and
###p < 0.001 when the effect of either rapamycin or torin1 is compared with
the same sample without inhibitor.
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which was sensitive to torin and rapamycin. SP-A alone did not
induce a significant increase in arginase activity. Regarding
proliferation (Figure 5B), IL-4 and IL-4+SP-A (additive effect)
induced proliferation dependent on mTORC1 (torin and
rapamycin-sensitive). Taken together, these results suggest that
the combined effects of IL-4 and SP-A on the mTORC1 and
GSK3 branches of Akt signaling likely contribute to increased
proliferation, and alternative activation of AMs.

SP-A Enhancement of IL-4-Dependent
Macrophage Alternative Activation Also
Requires PKCz Activation
Atypical protein kinase Cz (PKCz) is another protein kinase
activated through binding to phosphatidylinositol (3–5)
trisphosphate in the plasma membrane and subsequent
phosphorylation by PDK1. PKCz-deficient T cells show reduced
STAT6 phosphorylation in response to IL-4 stimulation (27).
Accordingly, we analyzed the phosphorylation of PKCz in
alveolar macrophages stimulated with IL-4 and/or SP-A.
Figure 6A shows that both SP-A and IL-4 induced PKCz
phosphorylation at Thr410, which was significantly increased
when alveolar macrophages were stimulated by both factors.
The PI3K inhibitor abrogated PKCz phosphorylation induced
by SP-A, IL-4, or SP-A+IL-4, confirming that this process depends
on PI3K activation. We hypothesized that SP-A should activate
the PI3K/PKCz axis to enhance IL-4-dependent STAT6
phosphorylation and alternative activation of macrophages, since
the SP-A-induced increase in STAT6 phosphorylation was
blocked by the PI3K inhibitor (Figure 2A).

Figure 6B shows that PKCz inhibition with the PKCz
pseudosubstrate prevented the increase of STAT6 phosphorylation
inducedby IL-4+SP-A, butnot the increase inducedby IL-4 alone.As
a control experiment, we verified whether Akt was involved in the
activation of STAT6 caused by IL-4 or IL-4+SP-A. Supplementary
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Figure 3 shows that the production of p-STAT6 by AMs stimulated
with IL-4 or IL-4+SP-A did not change in the presence of Akt
inhibitor VIII.

Next, we studied the role of PKCz in SP-A-mediated increase
of alternative activation and proliferation of AMs stimulated
with IL-4. We found that the PKCz pseudosubstrate suppressed
SP-A enhancement of IL-4-stimulated alternative activation
(Figure 6C) but not IL-4- and IL-4+SP-A-induced
macrophage proliferation (Figure 6D). Inhibition of PKCz
kinase activity did not modify IL-4-induced STAT6
phosphorylation (Figure 6B) or arginase activity (Figure 6C).
Together, these results demonstrate that SP-A enhances IL-4-
induced alternative activation of alveolar macrophages by
sustaining a PI3K/PKCz/STAT6 signaling axis.

To gain more insight into the functional consequences of
cooperative PKCz phosphorylation by IL-4 and SP-A
(Figure 6A) for SP-A-mediated enhancement of IL-4-
dependent STAT6 activation (Figure 6B), we analyzed
translocation of PKCz to the plasma membrane by confocal
microscopy of AMs isolated from SP-A-deficient mice,
stimulated with IL-4, SP-A, or both (Figures 6E, F). We found
that IL-4 and SP-A significantly increased PKCz translocation to
the membrane. However, PKCz appeared to redistribute to
endosomes or the cytosol when AMs were stimulated with
both agonists (Figures 6E, F). It is possible that IL-4+SP-A
induces a faster translocation of PKCz to the plasma membrane
than that induced by IL-4 or SP-A alone, so we were unable to
detect significant changes at selected times in our experiments.
However, our results indicate changes in the cellular location of
PKCz when both agonists are present. On the other hand, it is
known that following IL-4 stimulation, activated IL-4 receptors
are preferentially associated with cortical endosomes, and there
is a link between endocytosis and IL-4R signal transduction (28–
30). To know whether SP-A, IL-4, or both agonists increase
A B

FIGURE 5 | Effect of pharmacological inhibition of mTORC1 on arginase activity and AM proliferation. Purified rat AMs were pretreated with 20 nM (A) or 5 nM
(B) rapamycin, 100 nM (A) or 25nM (B) torin 1, or vehicle (DMSO) for one hour. Cells were then stimulated with or without IL-4 and/or SP-A and arginase activity
(A) and AM proliferation (B) were measured. The results are presented as means (± SEM) from three different AM cultures with at least three biological replicates.
ANOVA followed by the Bonferroni multiple-comparison test was used. *p < 0.05 and ***p < 0.001 when compared with untreated macrophages. оооp < 0.001 when
SP-A+IL-4-treated macrophages were compared with IL-4-treated macrophages. #p < 0.05 and ###p < 0.001 when the effect of either rapamycin or torin1 is
compared with the same sample without inhibitor.
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FIGURE 6 | SP-A enhancement of IL-4-induced p-STAT6 and arginase activity is mediated by PKCz. (A) Purified rat AMs were pretreated with 50 nM LY294002
(PI3K inhibitor) or vehicle for two hours. Subsequently, cells were stimulated with or without IL-4 (1 mg/ml) in the presence or absence of SP-A (100 mg/ml). Then p-
PKCz (Thr410/403) relative to total PKCz was quantified by Western blot. In (B–D) cells were pretreated with 30 µM of PKCz pseudosubstrate inhibitor or vehicle for
two hours. Subsequently, cells were stimulated with or without IL-4 (1 mg/ml) and/or SP-A (100 mg/ml). STAT6 phosphorylation relative to total STAT6 (B), arginase
activity (C), and proliferation (D) of AMs were analyzed. Representative Western blot for p-PKCz or p-STAT6 are shown below each graph. The results are presented
as means (± SEM) from three different AM cultures with at least three biological replicates. (E) PKCz plasma membrane localization after IL-4 and/or SP-A stimulation.
Representative IF for PKCz localization in AMs from SP-A-/- mice left untreated or treated with IL-4 (0.5 mg/ml) in the absence or presence of SP-A (10-20 mg/ml). Confocal
images shown are representative of three independent experiments with similar results. Upper panels show PKCz staining, middle panels show DAPI counterstaining of cell
nuclei and differential interference contrast (DIC), lower panels show overlay. (F) Quantification of pixel density of cell-membrane PKCz from total PKCz values. Data are
expressed as percentage ± SEM of three independent experiments with at least 20 cells per condition. Results were statistically analyzed by one-way ANOVA followed by the
Bonferroni multiple-comparison test. *p < 0.05, **p < 0.01, and ***p < 0.001 when compared with untreated macrophages. ооp < 0.01 and оооp < 0.001 when SP-A+IL-4-
treated macrophages were compared with IL-4 or SP-A-treated macrophages. #p < 0.05, ##p < 0.01 and ###p < 0.001 when the effect of PI3K or PKCz inhibitor is compared
with the same sample without inhibitor.
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redistribution of PKCz to cortical/early endosomes, we
determined co-localization of PKCz and early endosome
antigen 1 (EEA1) marker in AMs stimulated with or without
these agonists. We found that SP-A, IL-4, and IL-4+SP-A
significantly increased PKCz/EEA1 co-localization, confirming
redistribution of PKCz to early endosomal membranes
(Supplementary Figure 4).

SP-A and IL-4 Synergistically
Increase Mitochondrial Respiration
and Glycolysis in AMs
Metabolic changes in macrophages support and are closely
related to the activated macrophage phenotype (31, 32). An
increase in both glycolysis and mitochondrial respiration occurs
in alternative activation of macrophages. mTORC1 and
mTORC2 stimulate glycolysis, mitochondrial function, and
induce an anabolic response to promote proliferation and
survival (13, 31). Since we have shown that IL-4 and SP-A
activate mTORC1 and mTORC2, our aim was to analyze
whether the metabolic profile of macrophages stimulated with
these agonists is affected. Therefore, we investigate the glycolysis
rate and mitochondrial respiration of alveolar stimulated
macrophages cultured in RPMI containing 5 mM glucose and
2 mM glutamine, using the mitochondrial stress test (Seahorse
XFe24). Measurements of oxygen consumption rate (OCR) were
achieved by the combined use of oligomycin (inhibitor of
mitochondrial ATP synthase), FCCP (protonophore that
uncouples mitochondrial respiration from ATP synthesis), and
rotenone plus antimycin A (which blocks mitochondrial
respiration by inhibiting complexes I and III, respectively), as
previously described (33).

Alveolar macrophages stimulated with IL-4 and SP-A
exhibited significantly higher basal OCR than macrophages not
stimulated or stimulated with each agonist separately.
Furthermore, macrophages stimulated with IL-4+SP-A showed
a higher level of oligomycin-sensitive respiration, which would
be associated with a higher production of ATP in the
mitochondria. Respiratory capacity after administration of
FCCP was also significantly higher in macrophages stimulated
with IL-4+SP-A compared to macrophages not stimulated or
stimulated separately with each agonist (Figures 7A, B).

The rate of glycolysis, estimated from ECAR values (a proxy
for the rate of lactate formation), was also significantly higher in
macrophages stimulated with IL-4+SP-A than in those
unstimulated or stimulated with IL-4 or SP-A alone.
Furthermore, glycolytic capacity, determined after inhibition of
mitochondrial ATP synthesis by oligomycin, was also
significantly higher in macrophages stimulated with IL-4+SP-A
than in those unstimulated or stimulated separately with IL-4 or
SP-A. The ability of AMs (stimulated and unstimulated) to
induce glycolysis after inhibition of mitochondrial ATP
production by oligomycin indicated that alveolar macrophages
are not entirely dependent on mitochondria for cellular energy,
despite the fact that their natural energy source in vivo must be
oxidative degradation of surfactant phospholipids (32)
(Figures 7A, B).
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All these parameters indicate that IL-4 and SP-A synergically
increased the metabolic activity of alveolar macrophages. As a
control, the glucose transport was measured by determining the
uptake of the fluorescently labeled deoxyglucose analog 2-NBDG
(25) by AMs in the presence or absence of SP-A, IL-4, and both.
No differences in glucose transport were observed between
stimulated and unstimulated macrophages (Supplementary
Figure 5), suggesting that there is no upregulation of primary
glucose transporter in macrophages (GLUT1) (34) by IL-4.
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FIGURE 7 | SP-A and IL-4 synergistically increase mitochondrial respiration
and glycolysis in AMs. The effect of IL-4 (1mg/ml) and/or SP-A (100 mg/ml) on
the oxygen consumption rate (OCR) and the extracellular acidification rate
(ECAR) in AM cultures was measured using Seahorse XFe24. (A) (left)
Alveolar macrophages were treated sequentially with 1 mM oligomycin (ATP
synthase inhibitor), 1 mM FCCP (uncoupler of oxidative phosphorylation in
mitochondria), and 1 mM rotenone/1 mM antimycin A (inhibitors of
mitochondrial complex I and III, respectively) to measure OCR under basal
conditions and under mitochondrial stress. (Right) Glycolysis, measured as
ECAR, in basal conditions and with oligomycin treatment to evaluate glycolysis
intensification in response to mitochondrial inhibition. (B) Bar graphs to quantify
the effect of IL-4 and/or SP-A on (left) basal OCR and spare respiratory capacity
and (right) basal ECAR and glycolytic reserve (increase of ECAR after oligomycin
addition). (C) Effect of glucose concentration in the culture medium on basal
mitochondrial respiration and glycolysis induced by IL-4+SP-A. Data are mean ±
SEM from five to eight independent experiments with three to five biological
replicates. ANOVA followed by the Bonferroni multiple-comparison test (A, B) or
Student’s t-test (C) was used. *p < 0.05, **p < 0.01, and ***p < 0.001 when
compared with untreated macrophages.
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The level of glucose in alveolar fluid is strongly regulated and
is about 12 times lower than the blood glucose concentration (32,
35). Since AMs are exposed in vivo to a unique environment with
minimal glucose availability, the bioenergetics profile of these
cells was also performed in RPMI containing either very low
(1mM) or high (11 mM) glucose concentrations. We found
similar results regarding the synergistic action of IL-4 and SP-A
on mitochondrial respiration and glycolysis (Figure 7C),
although the increment in mitochondrial respiration of AMs
stimulated with IL-4+SP-A decreased with increasing glucose
concentration (Figure 7C).

Importantly, IL-4 alone did not induce any increase in
mitochondrial respiration or glycolysis at glucose concentrations
of 1 or 5 mM. However, at a higher glucose concentration of 11
mM, IL-4 alone significantly increased basal OCR and showed a
tendency to increase basal ECAR. Both values were further
increased in the presence of IL-4+SP-A, confirming that SP-A
significantly boosted IL-4-mediated actions in macrophages
(Supplementary Figure 6A). The bioenergetics profile of cells,
defined as the ratio between basal OCR and basal ECAR, was
measured in unstimulated and IL-4+SP-A-stimulated macrophages
at various glucose concentrations. Supplementary Figure 6B shows
that the OCR/ECAR ratio in IL-4+SP-A-stimulated compared to
unstimulated macrophages was significantly higher at glucose
concentrations of 1 mM, but not at glucose concentrations of 5 or
11 mM, indicating that, at low glucose concentrations, IL-4+SP-A
notably increased mitochondrial respiration (OCR) for energy
production, although macrophages also showed increased
anaerobic glycolysis (ECAR) (Figure 6C).
DISCUSSION

Alveolar macrophages are tissue-resident immune cells that
colonize the lung around the time of birth and can self-
maintain for extended periods in an adult organism. Due to
their localization in the airspace of the alveoli, these cells
continuously patrol the alveoli and maintain alveolar
homeostasis by efficiently removing pathogens, apoptotic cells,
and pulmonary surfactant. Under inflammatory conditions such
as active bacterial or viral infections, TLR signals and IFN-g
initiate a functional switch in AMs to a pro-inflammatory
phenotype. Then, following stimulation with type 2 cytokines
(IL-4/IL-3), the macrophage activation state changes to a tissue
repair phenotype M(IL-4) (2, 11, 36). This process is driven and
amplified by pulmonary surfactant protein A and the uptake of
apoptotic cells (4, 37), and it is important to restore tissue
homeostasis after injury. However, it can lead to allergy and
fibrosis if not properly regulated (1, 2, 11).

In this study we focus on the alternative activation and cell
cycling of alveolar macrophages stimulated by IL-4 alone and in
combination with SP-A, at SP-A concentrations within the
ranges found in the alveolar fluid of rat and human lungs (38,
39). We analyze the signaling pathways by which IL-4 and SP-A
synergistically increase arginase-1 activity and cell proliferation
(4) and determine the influence of these two factors on the
Frontiers in Immunology | www.frontiersin.org 1243
metabolic profile of AMs. Figure 8 summarizes the intracellular
signaling pathways of IL-4, SP-A, and IL-4+SP-A analyzed in
this study. By examining the phosphorylation of key
transcription factors and regulatory enzymes and using
pharmacological inhibitors, we found that SP-A activates
coordinated PI3K-dependent signaling pathways that amplify
the actions of IL-4 in alveolar macrophages. SP-A alone activates
Akt, mTORC1, and PKCz, and inactivates GSK3a/b by
phosphorylation, but cannot activate arginase-1 activity or AM
proliferation. Our results indicate that the combined effects of IL-
4 and SP-A on the mTORC1 and GSK3 branches of the PI3K-
Akt signaling axis contribute to increased proliferation and
alternative activation of AMs. On the other hand, IL-4+SP-A-
mediated PKCz signaling appears to intersect PI3K activation
with STAT6 phosphorylation, which increases alternative
activation of IL-4-stimulated macrophages (Figure 8).

PKCz is highly expressed in the lung (40), where it plays a critical
role in several biological processes, including cell polarity and
signaling. Regarding PKCz signaling, in this study we found that
IL-4andSP-Asynergistically increase (i) phosphorylationofPKCz at
Thr410/403 in a PI3K-dependent manner; ii) phosphorylation of
STAT6 in a PI3K- and PKCz-dependent manner; and iii)
alternative activation, but not proliferation, of AMs in a PI3K- and
PKCz-dependentmanner.Macrophages stimulatedwith SP-A alone
show increased PKCz phosphorylation, as previously reported (17),
but not STAT6 phosphorylation. On the other hand, macrophages
stimulated with IL-4 alone show increased PKCz phosphorylation,
but STAT6 phosphorylation and macrophage alternative activation
were not affected by pharmacological inhibition of PKCz. These
results contrast with those obtained for lymphocytes (27, 41, 42),
where the loss of PKCz impaired Jak1 activation, STAT6
phosphorylation, and secretion of Th2 cytokines in vitro and in
vivo, indicating thatPKCz is necessary forTh2differentiation (27, 41,
42). PKCz-/- mice show dramatic inhibition of ovalbumin-induced
allergic airway disease (40), strongly suggesting that PKCz is critical
for IL-4 signaling in the lung. In this study we show that SP-A, via
PKCz, increased IL-4-dependent phosphorylation of STAT6,
essential for downstream targets of IL-4 signaling.

The catalytic potential of PKCz, and other PKCs, is dictated
by ‘priming’ phosphorylation in their catalytic domains, which
are largely conserved (40, 43). But, as in other members of the
PKC family, phosphorylated enzymes are maintained in a self-
inhibited conformation through the interaction of their
inhibitory pseudosubstrate domain with their catalytic domain
(40, 43). Activation of PKCz and other PKCs involves their
binding to the membrane surface (43). For PKCz, membrane
binding occurs through two mechanisms that work in tandem: i)
binding of the scaffold protein Par6 (bound to the N-terminal
PB1 domain of PKCz) to CDC42/Crumbs (bound to membrane)
(43, 44), and ii) electrostatic interaction between the polybasic
region of the PKCz inhibitory pseudosubstrate with anionic
phospholipids (PI4P and PI4,5P2) present in the plasma
membrane and endosomal membranes (44). Binding of PKCz
to the membrane surface facilitates conformational changes in the
protein that lead to dissociation of the pseudosubstrate from the
catalytic domain and trigger PKCz kinase activity (43, 44). In this
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study, we analyzed the effect of SP-A and/or IL-4 on the recruitment
of PKCz to the plasma membrane and endosomal membranes
using confocal microscopy. Macrophages stimulated with IL-4 or
SP-A alone show a significant increase in translocation of PKCz to
the plasma membrane and cortical/early endosomes. Interestingly,
when macrophages were stimulated with IL-4+SP-A, PKCz
appeared to redistribute to early endosomes or the cytosol,
suggesting a rapid alteration of the cell location of PKCz in the
presence of both agonists. It is possible that the presence of both
agonists induces a faster internalization of the IL-4Ra receptor (28–
30) and the movement of PKCz from the plasma membrane to
early endosomes. The presence of SP-A would improve the
phagocytic and endocytic capacity of AMs (18, 45). SP-A uptake
by AMs precede the initiation of SP-A signaling (18). It remains to
be determined whether SP-A could affect other factors that regulate
the activity and location of PKCz. A potential candidate is the
soluble lipid mediator sphingosine-1-phosphate (S1P), which is an
allosteric activator of PKCz catalytic activity (46).

Following IL-4 stimulation, IL-4Ra/gc is thought to be
internalized, leading to increased receptor density in endosomal
Frontiers in Immunology | www.frontiersin.org 1344
membranes (28, 29). Whether IL-4Ra/gc endocytosis is essential for
downstream signaling transduction is still debated, but Bai et al. (30)
recently demonstrated that endocytosis of IL-4Ra/gc is essential for
Akt activation, but not STAT6 activation. Macrophage stimulation
by both agonists, IL-4 and SP-A, converges on activation of the
PI3K-Akt signaling pathway. In this study, we found that an
increase in Akt phosphorylation was elicited by SP-A, IL-4 or SP-
A+IL-4 macrophage stimulation and was completely suppressed by
PI3K inhibitor and torin (inhibitor of mTORC1 and 2) but not by
rapamycin (specific inhibitor of mTORC1).

The phosphorylation of GSK3, FOXO3, and the activation of
mTORC1, which are downstream targets of Akt (26), were also
evaluated. Consistent with the activation of Akt, we show that SP-A,
IL-4, and IL-4+SP-A significantly increased phosphorylation of
GSK3a and b subunits, which results in the inhibition of their
kinase activity. GSK3 is a soluble monomeric enzyme that shows
constitutively high basal kinase activity in resting cells, which
phosphorylates and inactivates several proteins involved in
proliferation (e.g., the transcription factors c-Myc and c-JUN),
survival (e.g., MCL-1 that belongs to the Bcl-2 family), or
FIGURE 8 | Schematic representation of intracellular signaling pathways of IL-4, SP-A, and IL-4+SP-A in alveolar macrophages. The binding of IL-4 to the
ectodomains of IL-4Ra and gc chains results in phosphorylation of critical tyrosine residues in IL-4Ra cytosolic domain, which serves as docking sites for SH
domains of intracellular signaling molecules such as STAT6 and IRS2. Once STAT6 is activated by phosphorylation, they homodimerize via their Src homology 2
domains and translocate to the nucleus, where they bind to specific DNA sequences that induce expression of genes associated with alternative activation. In
parallel, efficient tyrosine phosphorylation of IRS2 triggers the PI3K/Akt pathway, associated to the plasma and/or endosomal membranes. This signaling pathway
activates cell proliferation and AM alternative activation. SP-A, via the Myo18A receptor, activates PI3K, Akt, mTORC1, and PKCz, and inactivates GSK3a/b by
phosphorylation, but cannot activate arginase-1 activity or AM proliferation. The combined effects of IL-4 and SP-A on the mTORC1 and GSK3 branches of PI3K-Akt
signaling contribute to increased AM proliferation and alternative activation. Consistent with mTORC1 activation, SP-A+IL-4 synergistically increased mitochondrial
respiration and glycolysis in AMs. In addition, SP-A+IL-4-mediated PKCz signaling seems to intersect PI3K activation with STAT6 phosphorylation, increasing
alternative activation of IL-4-stimulated macrophages.
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metabolism (e.g., glycogen synthase) (26, 47, 48). Akt inhibits GSK3
by phosphorylation of serine Ser21 at GSK3a and Ser9 at GSK3b,
activating cell metabolism, proliferation, and survival (26, 47, 48).
This suggests that GSK3 phosphorylation induced by IL-4 or IL-4
+SP-A macrophage stimulation might be involved in macrophage
proliferation since Akt inhibitor VIII drastically suppressed
macrophage proliferation induced by IL-4 alone and IL-4+SP-A
as well as the phosphorylation of GSK3. Evidence supports that
GSK3 phosphorylation is involved in the resolution of
inflammation, tissue repair, and macrophage proliferation (47,
48). On the contrary, active GSK3 suppresses STAT3/6
phosphorylation to promote classical macrophage activation (49).
Regarding FoxO3a, we did not find a significant effect of SP-A and/
or IL-4 on FoxO3a phosphorylation, a transcription factor also
involved in cell proliferation (26).

Another consequence of Akt activation in macrophages
stimulated with SP-A, IL-4, and IL-4+SP-A was a significant
increase in mTORC1 activity. The activity of mTORC1,
measured by phosphorylation of 4E-BP1, was completely
inhibited by rapamycin and torin1. The ability of IL-4 and IL-4
+SP-A to increase arginase activity and macrophage proliferation
was sensitive to torin and rapamycin, and therefore, dependent on
mTORC1 and mTORC2. According to these results, the PI3K/
Akt/mTORC1 axis was reported to be involved in IL-4-induced
alternative activation and proliferation of BMDM (13, 14).
Increased alternative macrophage activation is reported to be
mediated by increased acetylation of histones that controls
upregulation of alternative activation genes (Arg1 and Retnla)
and genes involved in proliferation, DNA replication (13, 50), and
glycolysis (50, 51). Histone acetylation depends on the levels of
acetyl-CoA in the cytosol derived from glucose and produced by
the cytosolic enzyme ATP citrate lyase (Acly) (51). The Akt-
mTORC1 pathway is involved in the regulation of Acly: Akt
phosphorylates and activates Acly (52), and mTORC1 increases
the expression of Acly in macrophages (13). Cultured Acly-
deficient macrophages show decreased IL-4 response, which
may be explained by lower acetylation of histone 3 lysine 27 (53).

The metabolic profile of in vitro cultured alveolar macrophages,
stimulated with IL-4+SP-A but not with SP-A or IL-4 alone, is
consistent with IL-4+SP-A-induced cooperative activation of
mTORC1 and mTORC2, which play a prominent role in
increasing glycolysis and anabolic processes for cell growth and
proliferation (31, 54, 55). We found that alveolar macrophages
exhibited significantly higher mitochondrial respiration (basal OCR
values) when cells were stimulated with both IL-4 and SP-A but not
when stimulated with each agonist separately at 5 mM glucose.
Likewise, the rate of anaerobic glycolysis (ECAR values, as a proxy
for the rate of lactate formation) was significantly higher in
macrophages stimulated with IL-4+SP-A than in those not
stimulated or stimulated with IL-4 or SP-A separately. Therefore,
IL-4 and SP-A act synergistically to increase mitochondrial
respiration (required to produce energy for biosynthetic reactions
and proliferation) and the glycolysis pathway, which provides
intermediate metabolites for the pentose phosphate pathway,
glycosylation reactions and synthesis of key biomass constituents,
including serine, glycine, glycerol-3-P, and acetyl-CoA for lipid
synthesis (56).
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An important limitation of these studies is that in vitro studies
cannot reproduce the unique environment in which AMs reside,
which is rich in lipids but very poor in glucose and amino acids
(32, 35). Since glucose levels can influence the expression of Acly
(57), the metabolic profile of AMs was also carried out with RPMI
supplemented with glutamine and very low (1mM) or high (11
mM) glucose concentrations. Regardless of glucose concentration,
IL-4 and SP-A acted synergistically to increase mitochondrial
respiration and glycolysis, indicating the importance of SP-A in
driving IL-4-mediated metabolic reprogramming in macrophages.
Interestingly, at the highest glucose concentration (11 mM), but
not at glucose concentrations of 5 or 1 mM, IL-4 alone
significantly increased basal OCR and showed a tendency to
increase basal ECAR, indicating the influence of the medium’s
glucose concentration on the response of AMs to IL-4.

In summary, this study provides a novel mechanism for the
action of SP-A on IL-4-dependent signal transduction underlying
macrophage repair responses (Figure 8). Although IL-4-activated
macrophages have recently emerged as important players in
homeostatic processes, chronic respiratory diseases such as
fibrosis, asthma, and allergy are associated with a dysregulated
type 2 response (1, 2, 11). The pro-M(IL-4) effects of SP-A reported
here and in (4) contrast with reports that associate SP-A with
protection in asthma and fibrosis (58–60). However, in addition to
promoting IL-4-dependent activation and proliferation of alveolar
macrophages, the anti-inflammatory and protective properties of
SP-A (7–9, 60) may suppress the strong inflammatory responses
that are responsible for more severe asthma and fibrosis. Type 2
cytokines are also important regulators of type 1- and TH17-driven
inflammatory responses. Thus, several studies have revealed that
blocking type 2 cytokines can dysregulate this cross-regulatory
mechanism and promote type 1- and TH17-driven inflammation
(1, 61). However, dual blockade of IL-13 and IFNg leads to amarked
reduction in fibrosis and eliminates the type 1 rebound
inflammation and associated damage (62). Moreover, inhibition
of PI3K/Akt/mTOR and TLR4/MyD88/NF-kB signaling with
targeted molecules can attenuate pathological mechanisms of
asthma and play an important role in protecting airways against
allergic response and inflammation pathology (63). The signaling
events that drive the SP-A-dependent amplification of IL-4 effects
on alveolar macrophages may aid in the development of new
approaches to control lung diseases caused by exaggerated
repair responses.
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Background: Surfactant protein-A (SP-A) plays a critical role in lung innate immunity by
regulating alveolar macrophages (AM), expression of inflammatory mediators, and other
host defense proteins. The toponome imaging system (TIS), a serial immunostainer, was
used to study the AM toponome because it characterizes the localization of multiple
markers and identifies marker combinations in each pixel as combinatorial molecular
phenotypes (CMPs). We used TIS to study the AM toponome from wild type (WT) and SP-
A knockout (KO) mice and changes following Klebsiella pneumoniae exposure.

Methods: WT or KO mice received intratracheal K. pneumoniae or vehicle and AM were
obtained by bronchoalveolar lavage after one hour. AM were attached to slides and
underwent TIS analysis. Images were analyzed to characterize all pixels. AM CMPs from
WT vehicle (n=3) and infected (n=3) mice were compared to each other and to AM from
KO (n=3 vehicle; n=3 infected). Histograms provided us with a tool to summarize the
representation of each marker in a set of CMPs.

Results: Using the histograms and other tools we identified markers of interest and
observed that: 1) Both comparisons had conserved (present in all group members) CMPs,
only in vehicle AM and only in infected AM, or common to both vehicle and infected AM,
(i.e., unaffected by the condition). 2) the CMP number decreased with infection in WT and
KO versus vehicle controls. 3) More infection-specific CMPs in WT vs KO AM. 4) When AM
from WT and KO vehicle or infected were compared, there were more unique CMPs
exclusive to the KO AM. 5) All comparisons showed CMPs shared by both groups.
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Conclusions: The decrease of CMPs exclusive to infected AM in KO mice may underlie
the observed susceptibility of KO mice to infection. However, both KO groups had more
exclusive CMPs than the corresponding WT groups, perhaps indicating a vigorous effort
by KO to overcome deficits in certain proteins and CMPs that are dysregulated by the
absence of SP-A. Moreover, the presence of shared CMPs in the compared groups
indicates that regulation of these CMPs is not dependent on either infection or the
presence or absence of SP-A.
Keywords: phagocytosis, phenotype, SP-A, surfactant, innate immunity, immunohistochemistry, immunophenotype
INTRODUCTION

In a number of previous reports we have studied the effect of SP-
A on the function of the alveolar macrophage (AM) (1). These
studies have examined the expression of inflammatory mediators
(2–5), the AM proteome (6–9), miRNome (10–12), and AM gene
expression (1, 13), and more recently the AM toponome (14–16),
i.e. the organization of proteins within the cells. These studies of
inflammatory mediators were done, for the most part, by either
comparing wild type (WT) mice or transgenic mice expressing
human SP-A with SP-A knockout mice (KO), or by “rescuing”
SP-A KO mice by administering exogenous SP-A. The results
consistently showed differences between AM exposed to SP-A,
either chronically or acutely, and AM not exposed to SP-A. The
implications of these differences have been demonstrated in
survival studies in a pneumonia model where mice were
infected intratracheally with bacteria. SP-A KO mice showed
markedly increased mortality compared to WT or “SP-A
rescued” mice (17, 18). We showed that this was likely due, at
least in part, to a reduction in the phagocytic index of the KO
mice lacking SP-A (17).

Although we have demonstrated multiple changes in the AM
in the absence of SP-A, the increased susceptibility to infection
(17, 18) and reduced phagocytic efficiency (19) is likely due to
many factors. The results of the proteomic studies strengthen
this supposition since many proteins are affected, where some are
increased and others decreased (6–9). We have previously shown
that within a very short time after the introduction of bacteria to
the lungs, binding of bacteria by the AM and phagocytosis of the
pathogen are highly dependent on the presence of SP-A (17). The
enhancement of bacterial clearance by SP-A is likely due to
several mechanisms. The most proximal is the ability of SP-A to
enhance phagocytosis by serving as an opsonin – binding the
pathogen and enhancing its binding to cell surface receptors (20–
22) . The second level is SP-A dependent regulation in the AM of
various cell surface receptors involved in phagocytosis (18, 23,
24). Several of these cell surface proteins are targeted in this
study, including sialoadhesin, CD206, CD44, and TLR4 (25–29).
The third level is an apparent activation or boost of overall
ge; CMP, combinatorial molecular
anate; KO, SP-A knockout; KOI,
e-treated; SP-A, surfactant protein-A;
ype infected; WT, wild type; WV, wild
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function of the AM due to SP-A (1, 22). Activation may be
affected by a number of the studied proteins, including CD45,
TLR4, Ly-6C, and CD200R, among others (21, 30–36). These
and other proteins involved in cell-cell and cell-matrix
interactions that can also influence activation were investigated
in the present study.

The technology used in the present study, the Toponome
Imaging System (TIS), is an ideal tool with which one may study
these events because it looks at combinations of proteins, rather
than individual proteins. TIS, also known as Imaging Cycler
Microscopy, or Multi-epitope ligand cartography (MELC),
allows one to study the toponome or the expression and/or the
presence of multiple markers in their spatial networks in intact
AM after different experimental manipulations (14–16, 37–39).

TIS is a robotically-driven system using immunofluorescent
microscopy developed by Schubert (37–40) that involves repeated
cycles of immunostaining, imaging, and photobleaching
of antibodies conjugated with fluorescein isothiocyanate
(FITC). A key feature of TIS is its utilization of dedicated
software programs to process the captured images and
construct a pixel-by-pixel map of the cells that provides
information about co-localization and co-expression of
proteins. This approach is significant because proteins rarely
operate in isolation and their behavior may be a function of other
proteins in close proximity forming multiprotein complexes. TIS
generates these data by mapping each cell for the localization of
multiple markers, allowing the investigator to identify and
enumerate supramolecular structures formed by protein
clusters, rather than simply co-localizing the proteins. These
protein clusters are referred to as Combinatorial Molecular
Phenotypes or CMPs, and they may identify candidate proteins
that are potentially involved in important protein-protein
interactions. Evidence is increasing that many proteins
function as part of supramolecular complexes composed of
multiple proteins working together. The scientific literature
contains many examples of these interactions in pathway
diagrams that illustrate various pathways such as that
involving the LPS/CD14/TLR4/MyD88-mediated LPS receptor
pathway (41).

In the composite images generated by TIS there are 2n

possible CMPs or marker combinations where n = the number
of markers used (37, 40, 42, 43). CMPs are used to characterize
and compare cell populations. This is important because there is
evidence that various conditions result in differences in both the
April 2022 | Volume 13 | Article 853611
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number and composition of CMPs; and there are conditions that
may be identified by CMPs with a unique composition (37, 40,
42, 43). Thus, TIS serves as an ideal tool for addressing potential
causes of alterations in AM function.

Several studies from our laboratory have employed both in
vitro and in vivo assays to assess the phagocytic index of alveolar
macrophages and the role of SP-A in this process (1, 44–46). The
current study employed the same conditions described
previously (19) for in vivo phagocytosis to investigate the
impact of infection and/or SP-A on the AM toponome. We
studied patterns of protein expression in AM harvested from
lungs of WT or SP-A KO mice one hour after the intratracheal
instillation of Klebsiella pneumoniae. The one-hour time frame
used in these studies is notable in that it is unlikely that the effects
we see result from new protein synthesis. Therefore, differences
between vehicle-instilled and bacteria-instilled AM within a
group (WT or KO) are probably a function of previously
synthesized proteins moving within the cell, being secreted by
the cell, or being broken down by metabolic events related to
neutralizing phagocytosed bacteria. All of these events have the
potential to alter the organization of proteins within the cell and
change CMPs. A panel of antibodies to proteins known to have
roles in AM cell-cell interactions and innate immune function
was used. Our goal was to determine whether the introduction of
bacteria during the time interval needed to alter the phagocytic
index of the AM changed their toponome with respect to the
studied group of proteins, and whether SP-A played a role, as
assessed by comparison studies of the toponome of AM from
WT or KO mice.
METHODS AND MATERIALS

This study used male mice on the C57BL6/J genetic background.
Two strains were used –Wild Type (WT) (n=6; vehicle n=3 and
infected n=3) and SP-A knockout (KO) (n=6; vehicle n=3 and
infected n=3) at 8-12 weeks of age. The mice were bred in our
breeding colony at the Penn State College of Medicine and raised
under pathogen-free conditions or in barrier facilities with free
access to food and water. Sentinel animals in the same animal
rooms showed no evidence of respiratory pathogens. The
Institutional Animal Care and Use Committee of the Penn
State College of Medicine approved this study.

Preparation of Bacteria
Klebsiella pneumoniae bacteria were obtained from the American
Type Culture Collection (ATCC 43816) and cryopreserved until
needed for an experiment. The bacteria were grown overnight at
37°C in TS Broth with shaking at 120 RPM for 18 hours. An
aliquot was then diluted and grown for 3 hours to achieve mid-
log phase growth.

Experimental Procedure
Mice from each strain were anesthetized and received an
intratracheal instillation of an aliquot of 1.2 x 107 mid-log phase
bacteria in 50 microliters of PBS instilled into the trachea. Control
mice from each strain received vehicle (50 microliters of PBS)
Frontiers in Immunology | www.frontiersin.org 350
only. After 1 hour, AM were harvested by BAL with 5 x 500 ul of
PBS, 1 mM EDTA. The infection time was determined from
earlier AM phagocytosis studies (19). The cells were washed and
plated, then incubated for 1 hour to allow them to attach to slides.
The slides were then dried, fixed, and stored at -80°C until TIS
was done.

TIS
TIS was performed as described previously (14–16). As discussed
in previous studies, the choice of antibodies was limited by the
presence of artifacts in fluorescent images from some samples
that may prevent the use of some of these images/markers for
study. Good quality images for all 3 samples in all 4 experimental
groups are needed to do a comparative CMP analysis. For our
comparison study we analyzed data sets with 9 markers, although
we originally performed the TIS with more markers.

Antibody Panel
Table 1 lists the nine antibodies or reagents we used in the image
analysis, their gene names (where appropriate), their Uniprot
accession numbers, the commercial source, and the catalog
number of each antibody. Calibration and optimization of
antibodies for the TIS procedure was done as previously
described (14–16). Briefly, commercially available antibodies
were tested at several dilutions. The time for incubation was
held constant for all antibodies (30 minutes). The antibody
concentration selected was one at which we obtained a good
fluorescence signal with minimal background. We experimented
with different exposure times for imaging so that we obtained
good signals that were below saturation. After confirming
concentration and exposure times, TIS runs were set up with
the whole series of antibodies. This process was conducted for
each new antibody that was added to an experiment or when
there was a change in lot number for a given antibody.

Potential interactions between the markers used are shown in
an interaction diagram (Figure 1) generated by the information
present in the String database (https://string-db.org). It should be
noted that we used FITC-labeled phalloidin to detect F-actin and
for the interaction diagrams we used the gene symbol for beta-
actin (actb), the main constituent of F-actin as a surrogate
for phalloidin.

The selected antibodies shown here were chosen because they
reliably produced good staining with a minimal number
of artifacts.

TIS Image Analysis
The process employed to generate TIS data from a collection of
immunofluorescent images has been described in detail in our
previous publications (14–16) and is summarized in Figure 2.
Briefly, a sample slide is subjected to repeated cycles of
immunostaining with fluorescein-labeled antibodies, an image
captured, the fluorescence bleached out, and the cycle repeated
with the next antibody. After the immunostaining is completed,
all of the resulting images are subjected to a binarization process
in which a threshold level is set and areas with levels below the
threshold designate the marker as absent and areas above the
threshold as present. Following binarization the series of images
April 2022 | Volume 13 | Article 853611
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for a given sample are combined digitally. The presence or
absence of each marker is tabulated in every pixel in the
image. This is denoted in data tables, such as that shown in
Figure 3, Panel A, as (0) for absent and (1) for present. The
CMPs in order of abundance are listed in the column on the far
left. The columns labeled 0 to 8 list the presence or absence of
each marker. The column on the far right lists the frequency (i.e.
abundance; # of pixels) occupied by that CMP. Each of the
tabulated CMPs is assigned a color which is used to pseudocolor
the image shown in Figure 3, Panel B.

In this study image analysis was restricted to whole images. In
some samples, cell aggregation prevented us from delineating
and analyzing separate cells. We used several tools within the TIS
software to analyze the data in the images from the various
experimental groups. One tool is a histogram that provides a
Frontiers in Immunology | www.frontiersin.org 451
snapshot of the group of CMPs being analyzed. An example is
shown in Figure 4. Each marker is represented as a bar rising
from the x-axis. The y-axis shows the frequency of each marker
in all the CMPs being graphed. Note that in most cases this value
would differ from the absolute amount of each marker because
the CMPs themselves may vary considerably in terms of their
abundance or the number of pixels in which they are found. In
this example marker #2 (CD44) is found in about 83% of the
CMPs and marker #5 (CD45) is found in about 12%.

The TIS software also allowed us to analyze the data in a
number of ways that are subsequently shown in the histograms.
These operations are summarized in Figure 5 and include the
ability to merge datasets, to find the intersection of multiple
datasets, and determine the CMPs unique to one dataset
compared to another (i.e. complement). These operations
TABLE 1 | Markers for phagocytosis study (Wild Type) and comparison with knockout (KO).

Marker # Marker or protein name Accession # Gene name Supplier Catalog #

1 Sialoadhesin (Siglec 1; CD169) Q62230 Siglec1 Bioss bs-10751R-FITC
2 CD44, Pgp-1, H_CAM, Ly-24 P15379 Cd44 BD Pharmingen 553133
3 CD200R (Mox-2; Ox-2) O54901 Cd200r1 ThermoFisher MA5-17984
4 CD206 (mannose receptor; C type 1) Q61830 Mrc1 ThermoFisher MA5-16870
5 CD45 (Receptor-type tyrosine-protein phosphatase C P06800 Ptprc BD Pharmingen 553080
6 CD18 (LFA-1, Mac-1) Integrin B2 P11835 Itgb2 BD Pharmingen 553292
7 Toll-like receptor 4 (TLR4), CD284 Q9QUK6 Tlr4 ThermoFisher MA5-16212
8 Lymphocyte antigen-6c2 (Ly-6C2; Ly-6C) P0CW03 Ly6c2 (Ly6c) BD Pharmingen 553104
9 Phalloidon - - ThermoFisher F432
April 2022 | Volume 13
List of Markers: The markers used in this study are listed together with the accession number, gene name, supplier, and catalog number.
FIGURE 1 | Interaction diagram from String database. Figure 1 shows the 9-marker set of proteins we studied. Proteins more closely identified with innate immune
function, and specifically phagocytosis, are grouped on the right. Proteins known for their roles in cell-cell or cell-matrix interaction/adhesion are grouped on the left.
As is evident from the large number of interactions each has, TLR4 and Ptprc (CD45) are placed at the top and bottom center and play pivotal roles in both groups.
The interaction diagram was generated by https://string.db.org.
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allowed us to identify conserved CMPs (i.e. CMPs present in
multiple datasets).
RESULTS

Marker Interactions
Using the STRING database (https://string-db.org) we constructed
diagrams of potential interactions between the proteins listed in
Table 1 from the information in the STRING database. The
selected markers were proteins known to be important in AM
function with a number of “potential” interactions among
themselves. Two proteins, TLR4 and CD45 (Ptprc), exhibit
interactions with the other eight proteins included in Figure 1.
The interaction diagram has been constructed so that proteins
involved in cell-cell interactions and cell adhesion are grouped on
the left side of the diagram and proteins implicated in host defense
function are on the right side. However, as the diagram illustrates
these are not clear divisions and there are numerous interactions
among the proteins. Five of the nine molecules potentially interact
Frontiers in Immunology | www.frontiersin.org 552
with more than half of the other molecules. The large number of
documented interactions in various systems depicted by the
diagram shows the relevance of these proteins and their likely
importance in macrophage function.

Effect of Infection on the Toponomes of
WT and SP-A KO AM
In order to assess how infection with Klebsiella pneumoniae affects
the AM toponome and the influence of SP-A, we compared the
response of AM to treatment with vehicle or bacteria in WT AM
and SP-A KO AM. To do this it was necessary to have
immunofluorescent images in all three samples that were free of
artifacts for all four groups. The resultant set of 108 images included
nine markers. Figure 3, Panel B is an example of a representative
AM sample after pseudocoloring by the TIS software.

Comparison of WT Vehicle vs. WT
Infected Toponomes
The sixWT samples in this analysis (n=3 vehicle; n=3 infected) had
an average of 263 CMPs (range = 163 to 343). The details for each
FIGURE 2 | Flow chart. Figure 2 is flow chart that describes the TIS procedure and the steps involved in the analysis of images generated by TIS.
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groupare listed inTable2,which shows thenumberofCMPs ineach
sample and their average.Whenthe threeWTvehicle (WV) samples
aremerged there are a total of 392 unique CMPs among the samples
in the group. Determining the intersection of the three samples in
eachgroupprovides a tabulationofCMPs that arepresent in all three
samples in the group. We refer to these as “conserved” CMPs
because they are found in all samples in a group. In the case of the
WT vehicle group the intersection is comprised of 176 CMPs.

The second column of Table 2 lists the CMP numbers for the
WT infected (WI) group. The number of CMPs from the WT
vehicle and WT infected samples did not differ significantly from
one another. Merging the three WT infected samples also resulted
in a set of 392 unique CMPs. The intersection of the WT infected
group consisted of 102CMPs.The data set formedbymerging all of
the vehicle sampleswith all of the infected samples contained a total
of 449 unique CMPs. The theoretical maximum number of CMPs
in a 9-marker study is 29 or 512 CMPs. The last two columns in
Table 2 show comparable data for the KO-vehicle andKO-infected
samples and are discussed below in the next section.

We next looked at the histograms depicting intersection of all
samples in the two groups which shows themarker composition of
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all “conserved”CMPs thatwerepresent in every sample (3-out-of 3)
of each group. These and subsequent data sets are characterized in
histograms, such as the one described above (Figure 4); these show
the relative frequency of each marker in the sampled CMPs. As
stated above,we identified176CMPs thatwere present in everyWT
vehicle sample (Figure 6A) and 102 CMPs that were present in the
three WT infected samples (Figure 6B). The observed reduction
(Figure 6B) in the number of CMPs after infection (102 in WI vs
176 in WV, Figure 6A) may indicate that exposure to bacteria
results in a loss of phenotypic diversity as the AMmobilize to deal
with the infectious threat. Merging these two sets (vehicle and
infected) of conserved CMPs revealed that in the WT AM there
were 209 unique CMPs that were conserved in at least one
sample (Figure 6C).

When this set of 209 conserved CMPs was subjected to the
complement procedure we were able to determine how many of
the CMPs present in all three samples were: a) exclusive to the
WT vehicle group (Figure 6D); b) exclusive to the WT infected
group (Figure 6E) or; c) common to both groups (i.e. present in
all three samples of both groups) (Figure 6F). The broken arrow
originating at Figure 6C and terminating at Figures 6D–F
BA

FIGURE 3 | CMP data and pseudocolored image. Panel (A) depicts an example of a portion of a CMP data table generated by the TIS software from a combined
image after binarization of each of the 9 immunostained images. The CMPs are numbered in the left-hand column and are listed in order of frequency (i.e. abundance;
# of pixels) (in the right-hand column) in which that CMP is present. The intervening columns (numbered 0 to 8) indicate the absence (0) or presence (1) of each marker in
a given CMP. The colors in the table (A) are assigned by the program and also used to pseudocolor the image from which the data were derived (B).
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illustrates this process. These conserved CMPs were mostly
found in the vehicle group (n=107) (Figure 6D) and may be
viewed as being characteristic of the normal AM. There are 33
CMPs that are exclusive to the infected group (Figure 6E) and
Frontiers in Immunology | www.frontiersin.org 754
these are probably triggered by the bacterial exposure and are
likely to be involved in host defense processes against the
bacteria. Finally, there are 69 conserved CMPs that are
common to both groups (Figure 6F) and these may represent
FIGURE 4 | Sample histogram. An example of a CMP histogram for one of the samples is shown. Reference lines (dotted blue) have been added for frequencies of 0.1
(10%) and 0.5 (50%). The frequency shows the relative abundance of a given marker in the set of CMPs used to generate the histogram. In this case Marker #2 (CD44) is
found in 83% of the CMPs, whereas Marker #4 (CD206) is only found in 12% of the graphed CMPs. The names of the markers represented by each bar are shown.
FIGURE 5 | Glossary of TIS terms. The TIS software enables probing the CMP data in a variety of ways. Several terms and the operations are listed and described
in this figure.
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housekeeping functions since they are present in both groups
and not affected by infection.

Using all of the CMP data the mean levels of each marker
were calculated in each of the three samples/group. When these
were compared using the Wilcoxon Rank Sum test the WT
vehicle and WT infected data sets were found to be significantly
different (p=0.0424).
Frontiers in Immunology | www.frontiersin.org 855
Some of the features of these groups offer some insight into
differences resulting from the exposure to bacteria. For example,
the conserved CMPs found in the vehicle-treated AM
(Figure 6A) generated a histogram that was quite different
from that in the WT infected AM (Figure 6B). WT vehicle
AM were characterized by high levels of CD44, CD18, and TLR4
(Figure 6A), whereas most of those markers were at lower levels
TABLE 2 | Summary of CMPs in original samples and created data sets.

WT-vehicle WT-infected KO-vehicle KO-infected

Sample A 305 163 347 270
Sample B 211 254 294 214
Sample C 343 300 239 271
Average 286 239 293 252
Intersection 176 102 207 123
Merged (A,B,C) 392 392 449 390
Merged (veh+inf) 449 476
April 2022 | Volume 13 | A
The four columns list data for each experimental group. The three samples (A, B, C) for each group are listed along with their average. The samples were then analyzed for their intersection
(CMPs common to all three samples) (see Table 2) and the three samples were merged to obtain the total number of unique CMPs in each group of three samples. In the bottom row of the
table is the number of unique CMPs found in the merged wild type group and the KO group.
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FIGURE 6 | CMP comparison of wild type AM with nine markers. The names of the proteins represented by each histogram bar are shown in Panel (A). The same
order applies to all other histogram panels in this and subsequent figures. Panels (A, B) show the intersection of the three wild type vehicle and three wild type
infected samples. The intersection feature identifies the “conserved” CMPs present in all three samples of each group. Panel (C) depicts the merged results of Panels
(A, B) and shows the characteristics of the 209 CMPs that are conserved in the vehicle and/or infected groups. Panels (D–F) use the complement feature of the TIS
software to identify from the merged 209 CMPs, CMPs present in vehicle AM only (D), infected AM only (E), or common to both groups (F). The arrow originating at
Panel (C) and terminating at Panels (D–F) illustrates this process.
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in the group of conserved CMPs found in the infected AM
(Figure 6B). The overall differences between vehicle-treated and
infected were more pronounced in the histograms of the group-
exclusive CMPs (Figures 6D, E). As with the whole group of
conserved CMPs the vehicle treated AM had higher levels of
CD44, CD18, and TLR4, but it is also notable that levels of CD45
and Ly-6C were markedly lower in the WT vehicle AM than in
their infected counterparts. These differences are likely to be part
of the AM response to bacterial challenge.

It is also of interest to note that the overall profile of the
histogram bars in the common CMPs (Figure 6F) for many of
the markers was more similar to the profile of CMPs exclusive to
the vehicle-treated group (Figure 6D), albeit at lower
frequencies. The profile of CMPs exclusive to the infected AM
(Figure 6E) differs from the subset of CMPs common to both
groups (Figure 6F) in terms of many of the proteins.

Comparison of SP-A KO Vehicle vs.
SP-A KO Infected
An analysis similar to the one described above for the WT was
performed on the AM from KO mice. The six samples in this
Frontiers in Immunology | www.frontiersin.org 956
analysis (three vehicle; three infected) had an average of 273
CMPs (range = 214 to 347). The CMP data for the KO vehicle
(KOV) and KO infected (KOI) groups are listed in Table 2.
When the data for the three KO samples in each group were
merged, a total of 449 unique CMPs were identified in the vehicle
AM and 390 in the infected. A merging of these two sets (vehicle
and infected) resulted in 476 unique CMPs.

Using the TIS software we obtained histograms for the
intersection of all samples in the two groups; this tabulates all
“conserved” CMPs that were present in every sample (3-out-of-
3) of each group. We identified 207 (out of the total of 449)
CMPs to be present in all three KO vehicle samples (Figure 7A)
and 123 CMPs (out of 390) in the three KO infected samples
(Figure 7B). This reduction in conserved CMPs after infection
mirrors what we observed in the WT AM and provides another
example in support of our conjecture that exposure to bacteria
results in a loss of phenotypic diversity as the AM mobilize to
deal with the potential infection.

Merging these two sets of intersecting CMPs (Figures 7A, B)
revealed that they comprised of 223 unique CMPs that were
conserved in at least one of the KO groups (Figure 7C). As with
B
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FIGURE 7 | CMP comparison of KO AM. As described in Figure 6, Panels (A, B) show the intersection of the three KO vehicle and three KO infected samples.
Panel (C) depicts the merger of Panels (A, B) and shows the characteristics of the 223 CMPs that are conserved in the vehicle and/or infected groups. Panels (D–F)
use the complement feature of the TIS software to identify from the merged 223 CMPs, CMPs present in KO vehicle AM only (D), KO infected AM only (E), or
common to both KO groups (F). The arrow originating at Panel (C) and terminating at Panels (D–F) illustrates this process.
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the WT data, when we subjected this set of 223 CMPs to the
complement procedure with the TIS software, we found that
there were 100 conserved CMPs (i.e. present in all three samples)
that were: a) exclusive to the vehicle-treated group (Figure 7D);
b) 16 conserved CMPs that were exclusive to the infected group
(Figure 7E); and c) 107 CMPs that were common to both groups
(Figure 7F). As in Figure 6 the arrow originating at Figure 7C
and terminating at Figures 7D–F illustrates this process. As
described above, we broadly characterize these three categories as
baseline, infection-related, and housekeeping functions,
respectively. When the KO vehicle and KO infected data sets
were compared using the Wilcoxon Rank Sum test they
approached (p=0.076), but did not reach significance. The lack
of significance in this comparison is probably a function of the
blunted response to bacteria by the KO AM.

We observed one major difference from the WT comparison
when we compare the histograms of the conserved CMPs in
KOV and KOI AM (Figures 7A, B). The two histograms in KO
are similar to one another, although CD45 is substantially greater
in the KOV AM, and TLR4 and phalloidin had slightly higher
frequencies in the KOV than in KOI. This overall impression
differs from that of the corresponding histograms in the WT AM
(Figures 6A, B) where more differences in both magnitude and
pattern of the histogram bars were observed.

The differences between groups are much more pronounced
in the histograms of the CMPs exclusive to the KO vehicle-
treated and KO infected groups (Figures 7D, E). In these
histograms the frequencies of CD45 and TLR4, and to a lesser
extent phalloidin, are higher in the KOV AM. An opposite trend
was observed for CD45 in the WT AM (Figures 6D, E) where
CD45 was much higher in the infected AM. TLR4 followed the
same pattern in bothWT and KO AMwith much higher levels in
the vehicle-treated versus infected. Whether this difference, and
the lack of differences in CD44, CD18, and Ly-6C that we
observed in WT (Figures 6D, E) are responsible for the
increased susceptibility to infection in KO mice remains to
be determined.

Effect of SP-A on the AM Toponome of
Vehicle and Infected Groups
We next compared the WT and KO vehicle groups to each other
(Figure 8) and the WT and KO infected groups to each other
(Figure 9) to better assess the role of SP-A on the regulation of
the AM toponome in the presence or absence of SP-A.

Vehicle Groups
As shown previously the WV samples had 176 conserved (i.e.
present in all three samples) CMPs (Figures 6A, 8A) and the
KOV samples had 207 conserved CMPS (Figures 7A, 8B). For
this analysis we compared the two (WT and KO) vehicle data
sets. In the conserved CMPs from the two vehicle groups some
slight differences in marker content were apparent (compare 8A
and 8B). These included a somewhat higher frequency of CMPs
containing CD44 and CD18, and a lower frequency of those
containing CD45 (marker 5) in WV versus KOV (compare
Figures 8A, B). Following merger of the data for the three
samples in each vehicle group, we obtained 270 unique CMPs
Frontiers in Immunology | www.frontiersin.org 1057
(Figure 8C). When the complement procedure was applied to
these 270 conserved CMPs, it showed: a) 63 that were exclusive
to the WV group only (Figure 8D); b) 94 CMPs that were
present in KOV only (Figure 8E); and c) 113 CMPs were
common to both groups (Figure 8F). As in Figure 6 the arrow
originating at Figure 8C and terminating at Figures 8D–F
illustrates this process. These three sets of CMPs are likely to
correspond to CMPs that are SP-A dependent, those that result
from the absence of SP-A, and those whose expression in
independent of the presence of SP-A, respectively. The
histograms show that the relative abundance of the markers in
the exclusive groups (Figures 8D, E) was similar to that
described above for the corresponding conserved CMP sets
defined by the intersection of the three samples in each group
(Figures 8A, B), respectively, but more accentuated. Namely,
CD44 and CD18 were much increased in WV vs KOV, and
CD45 was much lower in WV than in KOV.

A comparison of these two groups (WV and KOV) with the
Wilcoxon Rank Sum test, as done above with the other
comparisons, found no difference between the WV and KOV
groups (p=0.711).

Infected Groups
The WI samples had 102 conserved CMPs (Figures 6B, 9A) and
the KOI had 123 conserved CMPs in KOI samples (Figures 7B,
9B). Note that, as discussed above, there are substantially fewer
conserved CMPs in the infected AM than in the vehicle-treated
AM (Figure 8). When we identified conserved CMPs exclusive to
either WI or KOI we found: a) 41 CMPs that were only in WI
samples (Figure 9D); b) 62 only in KOI samples (Figure 9E); and
c) 61 CMPs that were common to both groups (Figure 9F). As in
Figure 6 the arrow originating at Figure 9C and terminating at
Figures 9D–F illustrates this process. This categorization of these
groups, as described above, includes CMPs dependent on the
presence of SP-A, the absence of SP-A, and independent of SP-A,
respectively. Although the marker differences might have been
rather subtle in the histograms for all conserved CMPs in each
group (Figures 9A, B), the differences in marker frequencies were
more prominent when the histograms depicting the profiles of
conserved CMPs found only in one group or the other were
compared (Figures 9D, E). In WI versus KOI the histograms
showed that the frequency of CD44 and Ly-6C (markers 2 and 8)
in conserved CMPs was higher, and that of sialoadhesin, CD206,
CD18, and TLR4 was lower (see markers 1, 4, 6, and 7) in
Figures 9D, E). The differences in so many markers involved in
phagocytosis and AM activation may be part of the reason for the
compromised host defense function in KOmice. However, despite
these differences when a statistical comparison involving all
marker means was subjected to the Wilcoxon Rank Sum test, no
significant difference was found (p=0.518).
DISCUSSION

Numerous studies have investigated the effects of SP-A on
various aspects of innate immune function (17, 18, 47). These
effects are demonstrated in studies from our laboratory and
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others that show the vulnerability to infection of mice lacking
SP-A (17, 18). Although there are many different ways that host
defense in the lung can be influenced, arguably one of the most
important is at the point where an infectious organism comes
into contact with the alveolar macrophage, the sentinel cell of
lung innate immune function. This event triggers a cascade of
downstream events that profoundly influence the ability of a cell
and eventually of the organism to deal with a threat from a
pathogen and survive. As mentioned earlier, the fact that this
study employs a relatively short time frame (i.e. harvest of AM 1
hr after instillation of vehicle or bacteria) lessens the likelihood
that we are looking at new protein synthetic events. Thus, the
changes we observed are probably the result of the re-
organization of existing proteins into new CMPs, making TIS
an ideal tool to study this.

In previous TIS studies of the AM we have described a way to
assess the phenotypic consistency or diversity of the AM in an
experimental group by determining whether specific CMPs are
consistently expressed or “conserved” among members of that
experimental group (14–16). Given the large number of potential
Frontiers in Immunology | www.frontiersin.org 1158
protein combinations or CMPs that could be identified with TIS
(i.e. 2n where n = number of markers tested) (14–16) it is likely
that the presence of specific CMPs in multiple samples is not
random, but rather due to regulatory influences characteristic of
that experimental group. Although in this study we were unable
to characterize individual cells, the histograms provided us with a
tool to summarize the marker content of a group of CMPs and
identify markers whose variability could be important. Our
assumption is that these conserved CMPs mediate critical
functions and/or are characteristic of the presence or absence
of a key regulator, such as SP-A. In the present study, we
addressed this problem by analyzing our data sets in two ways.
In the first part of the study we did direct comparisons of AM
treated with vehicle to infected AM to assess the effects of
infection on the AM toponome in the presence or absence of
SP-A. In the second part of the study we compared: a) vehicle-
treated WT and KO to assess the role of SP-A on the baseline
AM proteome (i.e. unprovoked AM toponome); and b) infected
WT and KO AM to assess, via this comparison, the role of SP-A
on the AM toponome in response to infection.
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FIGURE 8 | CMP comparison of wild type vehicle (WV) and KO vehicle (KOV) samples. Panels (A, B) show the intersection of the three wild type vehicle and three
KO vehicle samples. Panel (C) shows the results when the data in Panels (A, B) are merged and shows the characteristics of the 270 CMPs that are conserved in
vehicle-treated WT and/or KO groups. Panels (D–F) use the complement feature of the TIS software to identify, from the 270 merged CMPs, CMPs present in wild
type vehicle AM only (D), KO vehicle AM only (E), or common to both vehicle groups (F). The arrow originating at Panel (C) and terminating at Panels, (D–F)
illustrates this process.
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Impact of Infection on the AM Toponome
in the Presence or Absence of SP-A
In the first set of comparisons, which consisted of CMPs
exclusive to either vehicle or infected AM, we observed that
there were far more conserved CMPs in the vehicle group than in
the infected group. We speculate that this reflected the fact that
normally populations of AM have the potential to differentiate
along multiple pathways, as predicted by the heterogeneity that
typically characterizes AM populations (14–16, 48) and that the
larger number of conserved CMPs in the vehicle-treated cells
reflect AM pluripotentiality. However, when a challenge occurs,
such as infection, many of these conserved CMPs reorganize into
a smaller group of CMPs that are focused on dealing with the
pathogen. Thus, a decrease in the number of conserved CMPs is
observed as the AM redirects its proteins to focus on innate
immune defenses against the bacteria rather than maintaining
readiness to proceed down many potential pathways. Moreover,
the general reorganization of CMPs to a smaller group of CMPs
in response to infection may be independent of SP-A, as both
WT and KO were identified with a reduced number of CMPs
Frontiers in Immunology | www.frontiersin.org 1259
when each was compared to its corresponding vehicle group.
However, the specific nature of CMPs varies as differences
between the CMP histograms of the WT vehicle and WT
infected AM as well as KO vehicle and KO infected were
observed. These may reflect qualitative differences between WT
and KO in the attempt to combat infection. Furthermore,
although the number of CMPs in WT vehicle and KO vehicle
didn’t differ significantly (107 vs 100), the number of CMPs in
their corresponding infected group was quite different. The KO
infected had about half as many exclusive CMPs (i.e. CMPs
found only in that group) compared to WT infected (16 vs 33).
This may indicate that the KO AM is only capable of invoking a
limited number of pathways to combat infection, because: a) its
baseline or readiness of AM is compromised in the absence of
SP-A; b) the AM is unable to recognize and ingest a pathogen
and initiate a successful response in the absence of SP-A; or c)
both of these possibilities are contributing to the poorer outcome
of KO animals in response to infection.

Of interest, in the absence of SP-A, the KO AM is not
dormant and it still generates unique CMPs either in response
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FIGURE 9 | CMP comparison of wild type infected (WI) and KO infected (KOI) AM. Panels (A, B) show the intersection of the three wild type infected and three KO
infected samples. Panel (C) shows the results when the data in Panels (A, B) are merged and shows the characteristics of the 164 CMPs that are conserved in the
WT and/or KO infected groups. Panels (D–F) use the complement feature of the TIS software to identify, from the 164 merged CMPs, CMPs present in wild type
infected AM only (D), KO infected AM only (E), or common to both vehicle groups (F). The arrow originating at Panel (C) and terminating at Panels (D–F) illustrates
this process.
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to vehicle or infection. However, the relatively small number of
infection-specific CMPs in the KOI AM versus the KOV, and the
presence of twice as many infection-specific CMPs in the WT
infected AM versus the KOI, indicate a greater capacity for WT
to respond to an infectious challenge and a potential inadequacy
of the KO to respond and successfully overcome the challenge as
we have shown by survival studies (12, 17, 18), Moreover, these
CMPs constitute only a fraction of the AM’s repertoire and
there are likely to be other subsets, when more or other markers
are used, enabling other macrophage functions to occur, such
as responses to tissue damage, toxins, particulates, etc. In
summary, infection appears to cause a shift of proteins into
CMPs needed to respond to the insult. The importance of SP-A
in this function is demonstrated by the more vigorous response
in the WT AM.

Impact of SP-A on the AM Toponome
In our second set of comparisons we shifted the focus to the
effects of SP-A on the AM toponome under baseline conditions
and in response to infection by studying vehicle-treated AM
fromWT and KO mice and then WT and KO AM from infected
mice. Knockout mice lacking a functional SP-A gene have been
studied for many years (47). Although there is no major apparent
phenotypic difference between the two types of mice (WT and
KO) under normal, unchallenged conditions (49), our study
utilizing TIS and examining expression and localization of nine
markers with important roles in host defense function shows that
the potential of AM from these two groups is not equivalent.
Even though in the present study the number of CMPs didn’t
seem to differ significantly in AM from WT and KO vehicle (i.e.
at baseline) the quality of these differs, as shown by the
histograms. The histograms provided us with a tool to identify
markers that differed between groups of CMPs. Proteomic
studies also have shown that the AM proteome from KO also
differs from that of the WT and that upon SP-A rescue the KO
proteome becomes similar to that of the WT (6). Although the
present findings are consistent with previous published studies,
these further indicate that AM protein clusters or combinatorial
molecular phenotypes (i.e, CMPs), rather than single protein
levels, may underlie the previously observed differences at either
baseline (15) or in response to infection (17). For the latter, both
quantitative (i.e. the number of CMPs) and qualitative CMPs
differences between WT and KO were observed. These CMPs
may, in part, be SP-A-dependent and responsible for the poorer
outcome in KO of either AM function in terms of their
phagocytic index (17) or other AM functions (47, 49).

In the absence of an infectious challenge, the marked
differences observed in the histograms in the CMP frequency
of CD44, CD45, and CD18 between WT and KO may be
predictive of potential host defense deficits in the AM given
the importance of these proteins to host defense function (1, 30–
32, 35, 36, 50). These differences were confirmed when we
compared the two groups after an infectious challenge with K.
pneumoniae, as differences in the infected groups in the same
markers were observed as those seen in the vehicle-treated
groups. However, in response to infection, marked differences
were also observed in the CMP frequency of CD206, TLR4 and
Frontiers in Immunology | www.frontiersin.org 1360
Ly-6C, all of which have important host defense functions (27,
28, 33, 34, 51).

The comparisons of the histograms from the two vehicle AM
sets (Figure 8) and the two infected AM sets (Figure 9) offer some
additional insight into the importance of SP-A. In previously
published BAL proteomic studies (7, 52) we have observed that
KO AMmay overcompensate for deficits resulting from the lack of
SP-A. The higher numbers of conserved CMPs in the present study
in the KO groups versus theWTmay be a manifestation of this. Not
only are there overall more conserved CMPs in the two KO groups
(vehicle and infected) but the sets of CMPs exclusive to KOV and
KOI AM (Figures 8E and 9E) are ~50% greater than the
corresponding WT groups. However, despite the increased
number of CMPs, the host defense function of the KO AM is
inadequate, probably due to dysregulation of some important
proteins, as shown by differences in the histograms of the two
infected groups. CD45 (marker 5), a marker that varies considerably
in the histograms from different groups, is a good example of the
potential loss of mechanisms that may enable the formation of
CMPs. The cellular localization of CD45 is dynamic and its
distribution can be altered by conditions (30). Its baseline
(vehicle) levels are low in WT AM and high in KO AM and just
the reverse with infection, implying that its incorporation into
CMPs varies with SP-A status. CD45 has many different forms
and many different ligands and is involved in numerous aspects of
immune cell function (30–32, 50). Given the multiple roles of SP-A
in immune cell regulation it is likely that SP-A is involved in CD45’s
regulation or the regulation of its ligands and thus further
investigation in this area is needed.

Common CMPs
There are also a number of conserved CMPs that are common to
both vehicle and infected groups. The CMPs common to both
vehicle and infected AM may be important for baseline or
“housekeeping” functions in the AM. This notion is further
supported by the observation that common CMPs exist in both
WT vehicle and KO vehicle AM, as well as in WT infected and
KO infected. These may, in part, provide a basis for the fact that
KO mice, in the absence of infectious or inflammatory challenge,
exhibit no major phenotypic differences fromWT (49), although
differences in the AM proteome between KO and WT have been
observed previously (7). However, their histograms in the
present study share more similarities than differences
indicating that the AM baseline phenotype or its “prepared”
state for future host defense is similar, but not identical between
WT and KO. The common CMPs between WT and KO may be
thought of as SP-A-independent. CMPs unique to WT and
absent in KO at either baseline or in response to infection may
be thought of as SP-A-dependent and it is likely that at least
some of these play a role in mounting an effective response
to infection.

In summary, using TIS and a set of nine macrophage markers
we showed: a) sets of CMPs present in both WT and KO AM
whose expression is independent of SP-A; b) CMP differences
between vehicle-treated WT and KO AM probably due to the
presence or absence of SP-A; c) a decrease in the total number of
conserved CMPs in the infected AM of both groups vs vehicle,
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possibly due to the mobilization of proteins into specific CMPs
needed to deal with infection; and d) after an infectious challenge
a number of differences in the relative CMP frequencies of
different proteins existed between CMPs exclusive to the
challenged AM from WT and KO AM. For the latter we
postulate: 1) that these differences are responsible for the
effective and ineffective response to infection of WT and KO
AM, respectively, as shown by survival studies (17, 18); and 2)
that these would largely be reversed by administration of
exogenous SP-A, as shown previously with proteomic studies
of the SP-A rescued KO AM (7) and lead to an improved survival
rate after infection (17, 18). Thus, SP-A is important for the
organization of AM CMPs in response to infection and to a lesser
degree at AM baseline conditions.

CONCLUSION

In the absence of SP-A, a dysregulation may occur with regard to
mechanisms that may lead to optimal outcomes, and this may be
reflected in the number and composition of CMPs, as shown in
the present study. Moreover, SP-A may contribute directly to
CMP formation via interactions with various cell surface
molecules, and in its absence these CMPs cannot be formed.
The KOAM is not dormant and it still generates unique CMPs in
both the baseline state and in response to infection, but these are
not sufficient to enable a successful response in numerous
readouts, as shown by published studies (19, 47). Although the
mechanisms for CMP generation are not known, SP-A may play
a direct or indirect role, as noted above. CMPs, in the presence
and absence of SP-A at baseline conditions or in response to
infection, consist of proteins whose levels may differ as well as
proteins whose levels may not change. Although, the latter may
be equally important in enabling the formation of protein
patterns necessary to combat an insult, the present study was
not designed to address this. However, the present study
provides part of the foundation for further investigation.
Future studies are needed to explore CMP differences by
employing additional markers or antibodies, exogenous SP-A
treatment (in WT mice) or rescue (in KO mice), or other, in
order to experimentally manipulate specific markers that differ in
WT vs KO AMCMPs. It is also possible that the binding of SP-A,
either by itself or bound to pathogens, to cell surface molecules
such as those studied here may play a role in the organization of
CMPs that are important in host defense against infection. Such
studies using technologies like TIS may identify key proteins
Frontiers in Immunology | www.frontiersin.org 1461
responsible for the integrity of given CMPs necessary for host
defense and other functions and help determine whether these
potentially could serve as therapeutic agents or targets (52).
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Single Nucleotide Polymorphisms
(SNP) and SNP-SNP Interactions
of the Surfactant Protein Genes
Are Associated With Idiopathic
Pulmonary Fibrosis in a Mexican
Study Group; Comparison With
Hypersensitivity Pneumonitis
Ata Abbasi1,2, Chixiang Chen3†, Chintan K. Gandhi4, Rongling Wu3, Annie Pardo5,
Moises Selman6 and Joanna Floros4,7*

1 Cellular and Molecular Research Center, Cellular and Molecular Medicine Institute, Urmia University of Medical Sciences,
Urmia, Iran, 2 Department of Pathology, Faculty of Medicine, Urmia University of Medical Sciences, Urmia, Iran, 3 Department
of Public Health Science, Pennsylvania State University College of Medicine, Hershey, PA, United States, 4 Department of
Pediatrics, Pennsylvania State University College of Medicine, Hershey, PA, United States, 5 Facultad de Ciencias,
Universidad Nacional Autónoma de México, Mexico City, Mexico, 6 Unidad de Investigación, Instituto Nacional de
Enfermedades Respiratorias “Ismael Cosio Villegas”, Mexico City, Mexico, 7 Department of Obstetrics & Gynecology,
Pennsylvania State University College of Medicine, Hershey, PA, United States

Surfactant proteins (SPs) are important for normal lung function and innate immunity of the
lungs and their genes have been identified with significant genetic variability. Changes in
quantity or quality of SPs due to genetic mutations or natural genetic variability may alter
their functions and contribute to the host susceptibility for particular diseases.
Alternatively, SP single nucleotide polymorphisms (SNPs) can serve as markers to
identify disease risk or response to therapies, as shown for other genes in a number of
other studies. In the current study, we evaluated associations of SFTP SNPs with
idiopathic pulmonary fibrosis (IPF) by studying novel computational models where the
epistatic effects (dominant, additive, recessive) of SNP-SNP interactions could be
evaluated, and then compared the results with a previously published hypersensitivity
pneumonitis (HP) study where the same novel models were used. Mexican Hispanic
patients (IPF=84 & HP=75) and 194 healthy control individuals were evaluated. The goal
was to identify SP SNPs and SNP-SNP interactions that associate with IPF as well as
SNPs and interactions that may be unique to each of these interstitial diseases or common
between them. We observed: 1) in terms of IPF, i) three single SFTPA1 SNPs to associate
with decreased IPF risk, ii) three SFTPA1 haplotypes to associate with increased IPF risk,
and iii) a number of three-SNP interactions to associate with IPF susceptibility. 2)
Comparison of IPF and HP, i) three SFTPA1 and one SFTPB SNP associated with
decreased risk in IPF but increased risk in HP, and one SFTPA1 SNP associated with
org June 2022 | Volume 13 | Article 842745164
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decreased risk in both IPF and HP, ii) a number of three-SNP interactions with the same or
different effect pattern associated with IPF and/or HP susceptibility, iii) one of the three-
SNP interactions that involved SNPs of SFTPA1, SFTPA2, and SFTPD, with the same
effect pattern, was associated with a disease-specific outcome, a decreased and
increased risk in HP and IPF, respectively. This is the first study that compares the SP
gene variants in these two phenotypically similar diseases. Our findings indicate that SNPs
of all SFTPs may play an important role in the genetic susceptibility to IPF and HP.
Importantly, IPF and HP share some SP genetic variants, suggesting common
pathophysiological mechanisms and pathways regarding surfactant biogenesis, but
also some differences, highlighting the diverse underlying pathogenic mechanisms
between an inflammatory-driven fibrosis (HP) and an epithelial-driven fibrosis (IPF).
Alternatively, the significant SNPs identified here, along with SNPs of other genes,
could serve as markers to distinguish these two devastating diseases.
Keywords: surfactant protein, single nucleotide polymorphism, idiopathic pulmonary fibrosis, hypersensitivity
pneumonitis, SNP-SNP interactions
INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is one of the most common
interstitial diseases of unknown etiology and poor prognosis (1,
2). It is characterized by aberrant activation of the lung
epithelium which provokes the increase and activation of the
fibroblasts population that finally leads to the replacement of
lung parenchyma with destructive fibrotic bundles leading to
respiratory failure and death (3, 4). IPF is a chronic, progressive,
irreversible, and usually lethal disease of middle-aged and elderly
patients (5, 6). Multiple efforts on different aspects to find out the
etiology of this disease have been made but with little progress (3,
7–10). The clinical course of IPF is heterogeneous and
considerable overlap exists in presentation of IPF and chronic
hypersensitivity pneumonitis (HP) (11).

Hypersensitivity pneumonitis (HP) is another type of
interstitial lung disease caused by an exaggerated immune
response to environmental antigens, such as fugal, bacterial or
bird proteins (12). Although antigens that cause HP have been
identified and are distributed worldwide, only a very small
percent of the world population gets affected and the
distribution among different nations is not similar (12). In
Mexico, the pigeon breeder’s disease is the most common type
of HP, caused by proteins from avian serum, feces, and
feathers (12).

IPF and HP are different diseases with different etiologies.
Validated risk factors for IPF include mainly aging and smoking;
exposure to metal dust, wood dust, pesticide, and occupational
history of farming or agriculture also increased the risk of IPF.
Likewise, the risk of HP is associated mainly to the exposure to
organic particles and varies with regional disparities in climate,
rosis; HP, Hypersensitivity Pneumonitis;
g SP-A1; SFTPA2, gene encodi ng SP-A2;
ding SP-C; SFTPD, gene encoding SP-C;
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occupational exposures, and environmental exposures, but not
ethnicity. Respiratory viral infections, and high pesticide
exposure, have been revealed as risk factors. Paradoxically,
cigarette smoke reduces the risk of HP, but when smokers
develop HP, they often follow a chronic fibro-proliferative
course. However, there is a considerable overlap in
pathophysiology and clinical presentation (6, 12–14). In fact, a
previous study has shown that almost half of IPF patients, were,
subsequently, diagnosed with chronic fibrotic HP, and often the
clinical, functional and radiological behavior of both diseases are
indistinguishable (13, 14). In both diseases, several members of
the same family may be affected, indicating the role of genetic
factors in the pathogenesis and progression of these diseases (15,
16). However, the interplay of genetics, environmental factors,
and perhaps other factors is poorly understood.

Pulmonary surfactant and surfactant proteins (SPs), have been
shown to play roles in host-defense functions, i.e. regulation of
pro-inflammatory cytokine production, chemotaxis, and tissue
repair (17–20), and in surfactant-related functions, i.e. lowering
surface tension and stabilizing the alveoli. Hence, derangement in
functional ability, structure, and/or levels of SPs (SP-A, SP-B, SP-
C, SP-D) may contribute to the development of interstitial lung
diseases, such as IPF and HP (21, 22). Alternatively, genetic
polymorphisms of these important molecules may serve, along
with other gene variants, as markers to distinguish these two
diseases that share overlapping pathology and clinical
presentation. Being able to distinguish these two diseases early
on is of great importance. In this context, it has been recently
reported a diagnostic algorithm which allow a better differential
diagnosis between fibrotic HP and IPF (23). Accurate diagnosis is
essential for appropriate treatment and management of these
diseases. Currently, Nintedanib and pirfenidone, inhibitors of
fibrosis pathways, are the treatments of choice for IPF (24). In
contrast, HP treatment is based on corticosteroids and
immunosuppressive therapy and importantly, administration of
corticosteroids and immunosuppressants in some of the IPF
June 2022 | Volume 13 | Article 842745
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patients can worsen their clinical condition, primarily those with
severe telomere shortening, causing adverse effects and increased
mortality (25). A better understanding of the pathobiology of
fibrotic HP and of IPF as well as the genetic and molecular
differences between them might help to identify biomarkers that
allow distinguishing those patients who would benefit from
antigen-exposure avoidance and immunosuppression (i.e., HP),
from those with IPF in which the use of these drugs is not only
unhelpful but increases the risk of hospitalization and death (12,
23, 25–27). There have been numerous examples in the literature
where specific SNPs have been associated with disease
susceptibility (28) or drug-response in certain disease
populations (27, 29–31). For example, as reviewed and analyzed
elsewhere (32) genotypes of molecules carrying certain SNPs were
associated with response rates after imatinib treatment in patients
with chronic myeloid leukemia. Furthermore, surfactant protein
A2 genetic variants and genotypes of the donor lung have been
associated with post-transplant clinical outcome i.e., survival in
lung transplant patients (33).

The human SP-A is encoded by two similar genes, SFTPA1 and
SFTPA2, located on chromosome 10 (19, 34–36). Several genetic
polymorphisms of each SFTPA gene, have been identified and
characterized, and these are found with different frequencies in the
general population (18, 19, 37–39). SP-A plays an important role
in both innate lung host defense and surfactant-related processes
(40) and the human variants may differentially affect these
processes (19). SP-B, SP-C, and SP-D are each encoded by a
single gene, SFTPB, SFTPC, and SFTPD, respectively (41), and
several polymorphisms have been described for each of these
genes (42–44). SP-D also plays a role in lung host defense and the
primary role of SP-B and SP-C is in surfactant-related functions/
processes. Furthermore, multiple studies showed associations of
SPs genetic variants with various acute and chronic lung diseases
including acute respiratory distress syndrome (ARDS) (43, 44),
chronic obstructive pulmonary disease (COPD) (45, 46), cystic
fibrosis (47), and other (44).

In a previous study, we showed associations of SP single
nucleotide polymorphisms (SNPs) with IPF in a Mexican
population (22). In addition, a number of studies identified
significant associations between SP genetic variants or
mutations and IPF, pointing to a potential role of SPs in the
pathogenesis or specific processes of IPF (1, 7, 10, 48–52).
Furthermore, to date many gene polymorphisms are known to
be present in both IPF and HP interstitial lung disorders.
Common genetic variants in TERC, DSP, MUC5B, ATP11A,
FAM13A, and IVD described initially as risk gene factors for IPF
also represent risk variants for HP, especially for the fibrotic HP
(53, 54). Likewise, rare variants in telomere-related genes, such as
TERT, TERC, DKC1, RTEL1, and PARN, have been identified in
familial and sporadic IPF, and recently the same mutations were
identified in patients with HP (55, 56).

In the present study, we used a statistical approach (57) where
novel statistical models were studied to enable investigation of
the epistatic effects of SNP-SNP interactions as has been done for
other pulmonary diseases (21, 47, 58, 59). Using this novel
approach, we reanalyzed IPF data that were previously
Frontiers in Immunology | www.frontiersin.org 366
published. The published study used regression analysis nearly
20 years ago (22). Next we compared these newly analyzed IPF
data with our recently published HP data where the same novel
statistical models were investigated (21). This comparison study
is the first such study where SP variants were compared between
IPF and HP. The objectives of the current study are: a) to re-
analyze the existing IPF database (22), using the Wang’s newer
analytical approach (57), to gain further insight into complex
SNP-SNP interactions, and b) to compare the IPF and HP data of
SNP-SNP interactions, from the current IPF study and our
recently HP published work (21), to identify unique
interactions to each disease. The rationale for the latter is that
both IPF and HP are members of the ILD family and some
unique interactions may help to differentiate these two diseases,
while shared interactions may reveal some common pathways.
METHODS

Study Population
The IPF and HP study population are the same as the ones
described before (21, 22). Briefly, eighty-four and seventy-five
unrelated patients were enrolled in the IPF and HP study groups,
respectively. The diagnoses of both diseases were supported by
clinical observation, pulmonary function, high-resolution computed
tomography, and bronchoalveolar lavage findings (4, 12). In some
cases, surgical biopsy was done to confirm the diagnosis. Patients
with the diagnosis of other interstitial lung disease were excluded.
All enrolledHP patients were classified to have a fibrotic HP (4). For
both studies, one hundred and ninety-four healthy individuals
served as controls. All study members were Hispanic Mexican
individuals and enrolled at the National Institute of Respiratory
Diseases in Mexico City. The protocol was approved by the Ethics
Committee. The demographics and clinical characteristics of the
study groups are shown in Table 1. Blood samples from enrolled
subjects were collected and the genotyping was done using the PCR-
RFLP method as described in the previous studies (21, 22).

Surfactant Protein Genes and Single
Nucleotide Polymorphisms
We evaluated, as shown in Table 2, 17 SNPs of the SP genes
using the single SNP model and the two and three-SNP-SNP
TABLE 1 | Demographics and clinical characteristics of the study groups.

Characteristic Idiopathic
pulmonary
fibrosis
(n = 84)

Hypersensitivity
Pneumonitis

(n = 75)

Healthy
controls
(n = 194)

Sex, male/female (%) 59/25 (70/30) 5/70 (8/92) 124/70(64/36)
Age (years) 62.3 ± 10.9 44 ± 13.2 41 ± 14.5
Nonsmokers/smokers (%) 54/30 (64/36) 61/14 (81/19) 103/91(53/47)
FVC % predicted 62.6 ± 14.6 56.6 ± 21.6 106.5 ± 11.3*
FEV1% predicted 65.6 ± 15.8 59.6 ± 21.7 99.7 ± 12.8*
FEV1/FVC% 88.0 ± 10.1 90.7 ± 8.5 79.3 ± 5.5*
June
 2022 | Volume 13 |
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interaction models described by Wang et al. (57). These included
five from SFTPA1, four from SFTPA2, four from SFTPB, two
from SFTPC, and two from SFTPD.

Statistical Analysis
As mentioned previously (57), we used a SNP–SNP interaction
method in a case-control setting to study associations of SP genes
SNPs with IPF. Wang et al. developed a computational model for
detecting additive, dominant and epistatic effects by integrating
quantitative genetic theory into a case-control design context
(57). This approach integrates the principle of quantitative
genetics, and decomposes the overall genetic effect of each SNP
into different components: additive (a), dominant (d), and
recessive (r) and can characterize high-order epistatic
interactions. For example, consider two genes A and B, which
may have four types of epistasis, additive x additive, additive x
dominant, dominant x additive, dominant x dominant. These
four types function differently to affect disease risk. For example,
if a x a is important, this means that the two-marker genotype
AABB (homozygote AA at gene A and homozygote BB at gene
B) performs differently from the two-marker genotype AAbb
(homozygote AA at gene A and homozygote bb at gene B).
However, if d x d is significant, this means that double
heterozygote AaBb performs differently from the other
genotypes. Therefore, it is important to distinguish these four
types of epistasis.

This SNP-SNP interaction approach (57) has been used and
validated in studying associations of high order epistatic
interactions with various acute and chronic pulmonary diseases
(21, 47, 58, 59). The cases and controls were converted into a 2 × 2
contingency table and various types of epistatic interactions at
different orders were tested. The p-value was adjusted for sex and
smoking due to their modifying effects on both diseases. To
account for multiple testing, false discovery rate (FDR) was set
at 5%. The Cochran-Mantel-Haenszel test was used to calculate
the Odds ratios (OR) with 95% of confidence interval (95%CI). All
possible interactions for two- and three-SNP interaction models
were tested and those with p value less than 0.05 are reported.
RESULTS

IPF
Main Effect Analysis of the IPF Group (n = 84) vs the
Control Group (n = 194)
In the present study, we observed significant differences in the
studied groups with the single- and the three-SNP interaction
Frontiers in Immunology | www.frontiersin.org 467
model. We did not observe any significant SNP-SNP interactions
in the two-SNP interaction model.

Single SNP Model
Three SNPs, rs1059047, rs1136450, and rs1059057 of SFTPA1,
were each associated with decreased risk of IPF (OR: 0.42 to 0.46,
p value: 0.008-0.010) (Table 3).

Association of SNP-SNP Interaction with IPF in the Three-
SNP Interaction Model
As previously described, each SNP can have additive, dominant
or recessive effect on the disease phenotype and these are noted
as a, d, and r, respectively. In our analysis, each SNP had
dominant or additive effects, and no recessive effect was
observed (Supplementary Tables 1–6).

Comparison of the IPF Group (n = 84) vs the Control
Group (n = 194)
We found a total of 277 significant SNP-SNP interactions
associated with IPF in the three-SNP model. The interactions
are shown in detail in Supplementary Tables 1–6. Out of these
277 interactions, we observed the following. First, a) 30
interactions with two additive effects and one dominant effect.
Four of these exhibited the axdxa effect pattern and 26 the dxaxa;
b) 121 interactions with two dominant and one additive effect,
(dxdxa (n=65), axdxd (n=27), dxaxd (n=29)) and c) 126
interactions with three dominant effects (dxdxd). Second, 44
were among SNPs of hydrophilic SPs (SFTPA1, SFTPA2, SFTPD)
alone, 14 were among hydrophobic SPs (SFTPB, SFTPC) alone,
and the others were among SNPs of both the hydrophilic and
hydrophobic SPs. Third, most interactions (n=196) were
associated with increased risk of IPF (p=0.001-0.046, OR=
1.48-11.4) and the remaining (n=81) were associated with
decreased risk of IPF (p=0.001- 0.049, OR= 0.12-0.69). Among
the interactions with increased risk of IPF, 7 were in the same SP
gene (intragenic). Of these, 6 were in SFTPA1 (4 with dxdxd, 1
with axdxd and 1 with dxdxa interactions effect) and 1 in SFTPB
(with dxaxd interaction effect). Among the interactions with
decreased risk of IPF, 2 were intragenic in the SFTPB with dxdxa
interactions. No significant interactions were observed with
recessive (r x r x r) or additive effects (a x a x a) only.

Overall, out of the 17 SNPs studied, 14 were found in SNP-
SNP interactions shown to significantly associate with IPF in the
three-SNP model. Of the 14 SNPs, six were SNPs of SFTPA (4
SFTPA1 and 2 SFTPA2), 4 of SFTPB, 2 of SFTPC and 2 of
SFTPD.Although all of these SNPs were frequently present in the
significant SNP-SNP interactions, the rs1059046 of SFTPA2
encoding amino acid 9 ((AA9), Asn>Thr) was the most
frequently present followed by SFTPC SNPs. The frequency of
TABLE 3 | IPF association with SFTPA1 single SNPs.

SNP Odds ratio (OR) OR range adjusted-P value

1 rs1059047 0.461 0.28-0.75 0.010
2 rs1136450 0.422 0.25-0.7 0.008
3 rs1059057 0.442 0.27-0.7 0.008
June 2
022 | Volume 1
TABLE 2 | SNPs of each surfactant protein gene analyzed in this study.

SFTPA1 SFTPA2 SFTPB SFTPC SFTPD

rs1059047 rs1059046 rs2077079 rs4715 rs721917
rs1136450 rs17886395 rs3024798 rs1124 rs2243639
rs1136451 rs1965707 rs1130866
rs1059057 1965708 rs7316
rs4253527
3 | Article 842745
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each of the 14 SNPs found in significant SNP-SNP interactions
associated IPF are shown in Table 4.

Thirteen interactions had OR greater than 5 indicating a
strong association with increased risk of IPF (Table 5). Among
them one was an intragenic interaction of SFTPB SNPs
(rs2077079, rs3024798, rs7316) and twelve interactions had
two-SNPs with additive and one with dominant effect. In all
but one, the SFTPA1 SNP (rs1136450, (AA50), leu>val) was the
one with the dominant effect.

Haplotype Analysis
Haplotype analysis showed that three haplotypes TG (rs1059047
x rs1136450), GA (rs1136450 x rs1136451) and GG (rs1136451 x
rs1059057) of the SFTPA1 were associated with increased risk of
IPF (OR=2.372, p=0.004, OR=2.368, p=0.004 and OR=2.265,
p=0.004, respectively) and all exhibited a dominant effect
(Table 6 and Figure 1). The dominant effect of, for example,
Frontiers in Immunology | www.frontiersin.org 568
the TG haplotype displays a higher risk of IPF compared to the
combination of non-risk haplotypes (CC, TT, GG). This is also
true for haplotypes GA and GG of SFTPA1.

Comparison Between IPF (n = 84)
and HP (n = 75) Using the Same
Control Group (n = 194)
Comparison of SNP Associations in the
Single-SNP Model
As shown in Figure 2, the rs1136450 of the SFTPA1 was
associated with a decreased risk for both diseases. The
rs1059047 and the rs1059057 of the SFTPA1 were associated
with decreased risk of IPF, whereas the rs1136451 of the SFTPA1
was associated with increased risk of HP. The rs1130866 of the
SFTPB was associated with decreased risk of HP.

Common SNP-SNP Interactions Between IPF and
HP After Comparison to the Same Control Group
(n = 194) in the Three SNP Model
We studied the common SNP-SNP interactions in the three SNP
model between the 277 interactions resulting from the
comparison of the IPF group vs the control group (present
study) and the 97 interactions resulting from the comparison
of the HP group vs the control group in the three SNP model
from our previous study (21). Of the 227 interactions in IPF
comparison, as noted above, 81 interactions were associated with
decreased risk of IPF, and the remaining 196 with increased risk
of the disease. Of the 97 HP interactions, 68 and 29 were
associated with decreased and increased risk of HP,
respectively. However, in a large number of SNP-SNP
interactions, the same SNPs were involved in IPF and HP.
These SNP interactions exhibited either the same effect pattern
between the two groups, IPF and HP, for example dxdxa
(Table 7) or a different effect pattern between the two group
comparisons i.e., dxdxa vs dxaxd (Table 8).

Same SNPs and Same Pattern Effect in IPF and HP
We observed 28 interactions that involved the same SNPs (n=28)
that exhibited the same effect pattern (n=29); Interaction #4
(Table 7) exhibited two different effect patterns. Of the 28
interactions, 13 of them were associated with decreased risk in
both diseases and 12 of them with increased risk in both diseases.
However, 4 interactions shown in bold in Table 7, involving the
same SNPs and exhibiting the same pattern effect were associated
with a decreased risk in HP and an increased risk in IPF
indicating disease specificity. Moreover, one of these four
interactions (rs1059046, rs1136450, rs721917 of SFTPA2,
SFTPA1, SFTPD, respectively), noted as #4 in Table 7,
TABLE 4 | Frequency of SNPs in significant SNP-SNP interactions.

SNP Amino Acid
(AA) No.

Surfactant
Protein (SP)

frequency in
interactions

Amino acid
change

rs1136451 AA62 SP-A1 56 –

rs1136450 AA50 SP-A1 60 leu>val
rs1059047 AA19 SP-A1 56 val>Ala
rs1059057 AA133 SP-A1 55 –

rs1059046 AA9 SP-A2 76 Asn>Thr
rs1130866 AA131 SP-B 63 Thr131Ile
rs2077079 AA2 SP-B 60 His2Leu
rs3024798 SP-B 55 –

rs17886395 AA91 SP-A2 57 Pro>Aln
rs2243639 AA180 SP-D 52 Thr180Ala
rs4715 AA138 SP-C 71 Thr138Asn
rs1124 AA186 SP-C 74 Ser186Asn
rs7316 SP-B 43 –

rs721917 AA31 SP-D 53 Met31Thr
Amino acid (AA) designation for SP-A (36, 60) is based on the precursor molecule that
includes the signal peptide. Amino designation for SP-B, SP-C, and SP-D does not
include the signal peptide (https://www.ncbi.nlm.nih.gov/snp). After signal peptide
cleavage both proSP-B and proSP-C undergo several peptide cleavages to give rise to
the mature SP-B and SP-C, respectively.
TABLE 5 | SNP interactions associated with IPF with odds ratio higher than 5.

Single nucleotide
polymorphism (SNP)

interaction Odds
ratio (OR)

OR
interval

rs2077079 rs3024798 rs7316 dxaxd 5.483 2.3-14.5

rs1136450 rs1136451 rs4715 dxaxa 11.430 2.5-107.1
rs1136450 rs1136451 rs1124 10.978 2.4-104.5
rs1136450 rs1059057 rs4715 5.964 2.1-19.1
rs1136450 rs1059057 rs1124 6.238 2.2-20
rs1136450 rs2077079 rs1130866 8.835 2.8-33.8
rs1136450 rs3024798 rs1130866 6.926 2.3-24.1
rs1136450 rs7316 rs4715 6.796 2.7-18.5
rs1136450 rs7316 rs1124 8.904 3.3-26.9
rs1136450 rs4715 rs1124 6.360 2.9-14.9

rs1059047 rs1136450 rs4715 axdxa 5.964 2.1-19.1
rs1059047 rs1136450 rs1124 6.027 2.1-19.3
rs4715 rs1124 rs2243639 9.266 2.3-55.1
TABLE 6 | Haplotype association with IPF susceptibility.

SNPi SNPj Risk
haplotype

Odds
ratio (OR)

OR range Adjusted
P value

1 rs1059047 rs1136450 TG 2.372 1.437-3.916 0.004
2 rs1136450 rs1136451 GA 2.368 1.434-3.910 0.004
3 rs1136451 rs1059057 GG 2.265 1.398-3.669 0.004
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exhibited two different patterns (dxdxd, dxdxa) in both IPF and
HP, with the dxdxd (shown in bold) pattern being associated
with an outcome that seemed to be disease-specific i.e., with a
decreased risk in HP and an increased risk in IPF.

Same SNPs and Different Pattern Effect in IPF and HP
The interactions with the same SNPs (n=37) but with different
pattern effects exhibited altered susceptibility in the two diseases
and are shown in Table 8. For example, interactions #26 and #27,
rs1136450 x rs1136451 x rs4715 and rs1136450 x rs1136451 x
rs1124 (Table 8) with the dxaxa pattern were strongly associated
with IPF (OR=11.43, 10.98, respectively), but the same SNP
interactions in the dxdxd pattern were both associated with low
risk of HP (OR=0.36 and 0.5, respectively). The rs1136450 x
rs4715 x rs1124 (interaction #29, Table 8) is another interaction
which was associated with increased risk of IPF in the dxaxa,
dxdxa and dxdxd patterns (OR=6.36, 3.44 and 1.61, respectively)
Frontiers in Immunology | www.frontiersin.org 669
but associated with decreased risk of IPF and HP in the axdxd
pattern (interaction #23, Table 7).

Of note, rs1059057 and rs7316 were not present in any of the
common SNP-SNP interactions.
DISCUSSION

Surfactant proteins (SPs) are important in normal lung function
and also in innate immunity of the lungs. Changes in quantity or
quality of SPs due to genetic alterations may alter their functions,
whether in host defense and/or surfactant-related processes, and
contribute to the host susceptibility for particular diseases. SP-A,
for example, plays an important role in innate host defense
against various pathogens, irritants, and other (40) and its
natural genetic variability may differentially affect these
FIGURE 1 | A schematic presentation of the SFTPA1 gene SNPs is shown. The relative location of the gene is shown from centromere (C) to telomere (T). The numbers
above the solid black line indicate the amino acid number with the corresponding nucleotide change shown in parenthesis. The SNP id is noted below the black line. The
arrow indicates transcriptional orientation. The transmitted haplotypes (TG, GA, and GG) are shown in a two-SNP model and are associated with increased risk of IPF
(OR: OR = 2.372, p = 0.004, OR = 2.368, p = 0.004 and OR = 2.265, p = 0.004, respectively). The TG haplotype is constituted by the rs1059047 Val (T) at codon 19
and the rs1136450 Val(G) at codon 50, the GA haplotype by the rs1136450 Val(G) at codon 50 and the rs1136451 Prol(A) at codon 62 and the GG by the rs1136451
Prol(G) at codon 62 and the rs1059057 Thr(G) at codon 133. Of note, the T/C and C/G alleles change the encoded amino acids at codons 19 Val/Ala and 50 Val/Leu,
respectively, but the SNPs at codons 62 and 133 do not change the encoding amino acids (19).
FIGURE 2 | Venn diagram showing similarities and differences in association of SNPs with IPF and HP in a single SNP model. The green and red arrows besides
SNPs show association of a given SNP with decreased and increased risk, respectively.
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processes (19). In the current study, we evaluated associations of
SFTP SNPs with IPF using a novel statistical method and
compared the results of the current study with a previously
published HP study (21). The goal here was to find SNPs and
Frontiers in Immunology | www.frontiersin.org 770
SNP-SNP interactions that are unique to each of these interstitial
lung diseases or common between them. Importantly, IPF is an
epithelial-driven fibrosis and is typically progressive, while HP is
an immune inflammatory-driven disease, often evolving to
TABLE 7 | Interactions with the same SNPs and the same pattern effect in IPF and HP patients.

Number SNPs involved in interactions pattern OR for HP OR for IPF

1 rs1059046 rs1136450 rs1136451 axdxd 0.08 0.33
SFTPA2 SFTPA1 SFTPA1

2 rs1059047 rs1136450 rs1136451 dxdxd 1.87 2.09
SFTPA1 SFTPA1 SFTPA1

3 rs1059047 rs2077079 rs3024798 dxdxd 2.070 2.36
SFTPA1 SFTPB SFTPB

4 rs1059046 rs1136450 rs721917 dxdxd 0.44 2.05
rs1059046 rs1136450 rs721917 dxdxa 3.66 2.37
SFTPA2 SFTPA1 SFTPD

5 rs1136450 rs1136451 rs721917 dxdxa 3.16 2.77
SFTPA1 SFTPA1 SFTPD

6 rs17886395 rs2077079 rs3024798 dxdxd 2.18 2
SFTPA2 SFTPB SFTPB

7 rs1136450 rs1136451 rs721917 dxdxa 3.16 2.77
SFTPA1 SFTPA1 SFTPD

8 rs1059046 rs2077079 rs4715 dxdxa 0.38 2.38
SFTPA2 SFTPB SFTPC

9 rs3024798 rs4715 rs1124 dxdxd 0.45 2.54
SFTPB SFTPC SFTPC

10 rs1130866 rs4715 rs1124 dxdxa 0.33 2.7
SFTPB SFTPC SFTPC

11 rs1136450 rs2077079 rs1130866 dxdxd 2.14 2.11
SFTPA1 SFTPB SFTPB

12 rs1136450 rs3024798 rs1130866 dxdxd 1.89 2.09
SFTPA1 SFTPB SFTPB

13 rs1136451 rs2077079 rs1124 dxdxd 1.87 2.1
SFTPA1 SFTPB SFTPC

14 rs17886395 rs1136451 rs2077079 dxdxa 3.75 2.86
SFTPA2 SFTPA1 SFTPB

15 rs2077079 rs3024798 rs721917 dxdxa 7.86 3.7
SFTPB SFTPB SFTPD

16 rs3024798 rs721917 rs2243639 axdxd 3.43 2.57
SFTPB SFTPD SFTPD

17 rs1059046 rs17886395 rs1124 dxdxa 0.38 0.46
SFTPA2 SFTPA2 SFTPC

18 rs1059046 rs1136451 rs4715 dxdxd 0.36 0.53
SFTPA2 SFTPA1 SFTPC

19 rs17886395 rs3024798 rs1130866 dxdxa 0.33 0.306
SFTPA2 SFTPB SFTPB

20 rs17886395 rs4715 rs721917 dxdxa 0.29 0.35
SFTPA2 SFTPC SFTPD

21 rs1059047 rs3024798 rs1130866 dxdxa 0.24 0.43
SFTPA1 SFTPB SFTPB

22 rs1136450 rs2077079 rs3024798 axdxd 0.2 0.29
SFTPA1 SFTPB SFTPB

23 rs1136450 rs4715 rs1124 axdxd 0.12 0.32
SFTPA1 SFTPC SFTPC

24 rs1136450 rs3024798 rs721917 dxdxd 0.44 0.69
SFTPA1 SFTPB SFTPD

25 rs1136450 rs1136451 rs4715 dxdxd 0.36 0.63
SFTPA1 SFTPA1 SFTPC

26 rs1130866 rs4715 rs1124 axdxd 0.33 0.32
SFTPB SFTPC SFTPC

27 rs1136451 rs3024798 rs1130866 dxdxa 0.29 0.48
SFTPA1 SFTPB SFTPB

28 rs2077079 rs3024798 rs1130866 dxdxa 0.24 0.19
SFTPB SFTPB SFTPB
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TABLE 8 | Interactions with the same SNPs and different effect pattern in IPF and HP patients.

No Interactions HP IPF

pattern OR pattern OR

1 rs1059046 rs1130866 rs721917 dxdxd 0.473 axdxa 0.117
SFTPA2 SFTPB SFTPD

2 rs1059046 rs1130866 rs2243639 dxdxd 0.348 dxaxa 0.202
SFTPA2 SFTPB SFTPD

3 rs1059046 rs17886395 rs1136450 dxaxd 0.27 axdxd 0.285
rs1059046 rs17886395 rs1136450 dxdxa 0.274
SFTPA2 SFTPA2 SFTPA1

4 rs1059046 rs17886395 rs1130866 dxdxa 0.27 axdxd 0.332
SFTPA2 SFTPA2 SFTPB

5 rs1059046 rs1136451 rs1130866 dxdxa 0.18 axdxd 0.368
SFTPA2 SFTPA1 SFTPB

6 rs1059046 rs3024798 rs4715 dxdxa 0.4 axdxd 0.389
SFTPA2 SFTPB SFTPC

7 rs1059046 rs1124 rs721917 dxdxd 0.409 dxaxd 0.208
SFTPA2 SFTPC SFTPD

8 rs1059046 rs3024798 rs721917 dxdxd 0.56 axdxd 0.327
SFTPA2 SFTPB SFTPD

9 rs1136450 rs3024798 rs4715 dxdxa 0.34 axdxd 0.389
SFTPA1 SFTPB SFTPC

10 rs1059047 rs1130866 rs2243639 axdxd 3.2 dxdxd 1.51
SFTPA1 SFTPB SFTPD

11 rs1059046 rs1059047 rs2077079 axaxd 6.5 dxaxa 4.221
dxdxa 2.515
dxdxd 1.503

SFTPA2 SFTPA2 SFTPB
12 rs1059046 rs1059047 rs2243639 dxaxd 3.51 dxdxd 1.787

SFTPA2 SFTPA1 SFTPD
13 rs1136451 rs1130866 rs2243639 dxdxa 3.11 dxdxd 1.556

SFTPA1 SFTPB SFTPD
14 rs17886395 rs1059047 rs1136451 dxdxa 5.96 dxdxd 1.995

SFTPA2 SFTPA1 SFTPA1
15 rs17886395 rs2077079 rs1130866 dxdxd 2.048 dxdxa 0.298

SFTPA2 SFTPB SFTPB
16 rs1136450 rs2077079 rs1130866 dxdxd 2.14 axdxd 0.373

SFTPA1 SFTPB SFTPB
17 rs1136450 rs3024798 rs2243639 dxdxd 1.96 axdxd 0.38

SFTPA1 SFTPB SFTPD
18 rs1059047 rs1136450 rs721917 axaxa 0.053 dxdxd 1.506

SFTPA1 SFTPA1 SFTPD
19 rs1059046 rs2077079 rs3024798 axdxd 0.2 dxdxa 3.018

dxaxd 3.589
dxdxd 1.458

SFTPA2 SFTPB SFTPB
20 rs1059046 rs17886395 rs2077079 axaxd 0.15 dxdxa 2.983

dxdxd 1.807
SFTPA2 SFTPA2 SFTPB

21 rs1059046 rs17886395 rs1136450 dxdxa 0.274 dxdxd 1.756
rs1059046 rs17886395 rs1136450 dxaxd 0.277
SFTPA2 SFTPA2 SFTPA1

22 rs1059046 rs17886395 rs3024798 axaxd 0.073 dxdxd 1.565
SFTPA2 SFTPA2 SFTPB

23 rs1059046 rs17886395 rs1124 dxaxd 0.228 dxdxd 1.731
rs1059046 rs17886395 rs1124 dxdxa 0.387
SFTPA2 SFTPA2 SFTPC

24 rs1059046 rs17886395 rs1130866 dxdxa 0.270 dxdxd 1.502
SFTPA2 SFTPA2 SFTPB

25 rs1059046 rs3024798 rs4715 dxdxa 0.407 dxdxd 2.293
SFTPA2 SFTPB SFTPC

26 rs1136450 rs1136451 rs4715 dxdxd 0.369 dxaxa 11.43
SFTPA1 SFTPA1 SFTPC

27 rs1136450 rs1136451 rs1124 dxdxd 0.502 dxaxa 10.98

(Continued)
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fibrosis, and may also develop a progressive fibrotic phenotype.
We observed, 1) in terms of IPF: i) three single SFTPA1 SNPs to
associate with decreased IPF risk, ii) three SFTPA1 haplotypes to
associate with increased IPF risk, and iii) a number of three-SNP
interactions to associate with IPF susceptibility. 2) After
comparison of IPF and HP, i) three SFTPA1 and one SFTPB
SNP were found to associate with decreased or increased risk in
IPF and HP and one SFTPA1 SNP to associate with decreased
risk in both IPF and HP, ii) a number of three-SNP interactions
with the same or different effect pattern associated with IPF and/
or HP susceptibility; iii) one of the three-SNP interactions that
involved SNPs of SFTPA2, SFTPA1, and SFTPD, with the same
effect pattern, was associated with a disease-specific outcome,
a decreased and increased risk in HP and IPF, respectively.
The findings of the current study may provide an example
to start differentiating these two diseases based on their
genetic background.

For the current study, we took advantage of the same ethnic
background of cases for both diseases (IPF and HP) and controls,
i.e. All study subjects were Mexican Hispanic patients and all of
them were enrolled from the same center. We hoped that this
will help identify genetic patterns that in turn may enable
distinguishing these two diseases or at the very least provide a
paradigm for further work where genetic models could be used to
find disease-specific markers.

IPF
The SFTPA1 gene is shown in the present study, via different
analyses, including the use of a single SNP model, haplotype
Frontiers in Immunology | www.frontiersin.org 972
analysis and SNP-SNP interactions, to associate with IPF
susceptibility. One of its SNPs, rs1136450, was the most
frequently observed SFTPA1 SNP in the 3-SNP interactions.
This SNP was found to be significant either by itself, as part of
significant haplotypes, or part of significant 3-SNP interactions
and has been found previously to associate with susceptibility
with other pulmonary diseases including community acquired
pneumonia (61), cystic fibrosis (47), acute respiratory distress of
the newborn (59) and pediatric acute and chronic respiratory
failure (58, 62). The rs1136450 SNP encodes (leu/val) amino acid
50 (AA50), and it is located within the collagen-like region of SP-
A1. In the absence of the collagen-like region, functional defects
of surfactant are observed as well as the absence of an
extracellular structural form of surfactant, the tubular myelin
(63). This region is also important for the oligomerization and
stability of SP-A (64). This SNP change is SP-A1 variant-specific
and not gene-specific. All of the most frequently found and
studied SP-A1 variants (6A, 6A3, and 6A4) have a leucine at
AA50 except the 6A2 variant that has a valine. On the other hand,
all frequently found and studied SP-A2 variants have a valine (19,
38, 39). These two amino acids (Leu/Val), although they share a
lot of similarities, as they are both essential non-polar amino
acids with aliphatic side chains and neutral charge at pH 7.4, they
may however provide differential sites for proteases. Proteases
are often highly specific in their proteolytic activity, and even a
conservative substitution as this one, provided by the rs1136450
SNP, may have a significant differential effect on the proteolylic
process, as demonstrated in detailed studies for the matrix
metalloproteinases family (65). Whether and how the AA50
TABLE 8 | Continued

No Interactions HP IPF

pattern OR pattern OR

SFTPA1 SFTPA1 SFTPC
28 rs1136450 rs2077079 rs3024798 axdxd 0.2 dxdxd 2.592

SFTPA1 SFTPB SFTPB
29 rs1136450 rs4715 rs1124 axdxd 0.124 dxaxa 6.36

dxdxa 3.448
dxdxd 1.615

SFTPA1 SFTPC SFTPC
30 rs1136451 rs3024798 rs1130866 dxdxa 0.292 dxdxd 1.858

SFTPA1 SFTPB SFTPB
31 rs17886395 rs1136451 rs1130866 dxdxa 0.303 dxdxd 2.941

SFTPA2 SFTPA1 SFTPB
32 rs17886395 rs3024798 rs1130866 dxdxa 0.332 dxdxd 1.778

SFTPA2 SFTPB SFTPB
33 rs17886395 rs1059047 rs1130866 dxdxa 0.294 dxdxd 1.673

SFTPA2 SFTPA1 SFTPB
34 rs2077079 rs3024798 rs2243639 axaxd 0.216 dxdxa 3.457

SFTPB SFTPB SFTPD
35 rs3024798 rs1130866 rs2243639 dxdxd 0.50 dxdxa 2.171

SFTPB SFTPB SFTPD
36 rs1059046 rs1136450 rs1136451 dxaxd 0.07 dxdxd 1.915

rs1059046 rs1136450 rs1136451 dxdxa 3.551
SFTPA2 SFTPA1 SFTPA1

37 rs1136451 rs2077079 rs3024798 dxaxd 0.162 dxdxd 1.661
rs1136451 rs2077079 rs3024798 axdxd 9.198
SFTPA1 SFTPB SFTPB
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change imparted by this SNP differentially affects any of the
studied properties affected by the collagen-like region or provides
preferential sites for various enzymes remains to be determined.

Of interest, a previous analysis of the same cohort using the
traditional logistic regression analysis showed association of
three SNPs of the SFTPA1, rs4253527 (AA219_T), rs1136450
(AA50_C), and rs1136451 (AA62_G) with increased risk of IPF
(22). In the present study, the “G” allele of the rs1136450 SNP
was associated with decreased risk of IPF. Although these
findings appear to contradict one another, both studies do
identify the same significant SNPs. Also, this comparison
provides an opportunity for a cautionary note where one needs
to take into consideration the method of assigning, reference and
alternate alleles of a given SNP. Wang et al.’s approach employed
in the present study uses the dbSNP database of the NCBI (66) to
assign the reference and the alternate alleles, whereas, in the
logistic regression analysis, alleles were assigned based on the
frequencies in the studied group, i.e., the more frequent allele in
that study group was the reference allele. Furthermore, in the
current study, we did not observe association of the rs4253527
(AA219_T) with IPF either in the single-SNP or in the three-SNP
model. This may be due to the difference in statistical approaches
used for the two studies. Although we did not observe association
of rs1136451 in the single-SNP model either, this SNP was
observed in several SNP-SNP interactions (Table 1).

However, what is of considerable interest are the observations
made regarding associations with relative risk or protection of
IPF. In the single SNP model, the SFTPA1 SNP (rs1136450) and
two other SFTPA1 SNPs (rs1059047, rs1059057) were shown to
associate with decreased risk but haplotypes that included the
rs1136450 and/or the other two SNPs were associated with
increased risk. Moreover, a number of 3-SNP interactions,
where the rs1136450 had a dominant effect and any other two
SNPs had an additive effect, exhibited a high odds ratio
indicating risk. However, when the rs1136450 in 3-SNP
interactions was found with different effect patterns, the
interactions were associated with either increased or decreased
risk. An example to demonstrate this is depicted in the 3-SNP
interactions, #9 and #28 in Table 8, where in the former the
pattern effect is axdxd and in the latter is dxdxd, where the
rs1136450 has additive (a) and dominant (d) effect, respectively.
These different effect patterns of the rs113650, were associated
with decreased (axdxd) and increased (dxdxd) risk of IPF,
respectively. A similar effect pattern observation in 3-SNP
interactions was made for the SFTPA2 rs1059046 (interactions,
3 & 21, 4 & 24, 6 & 25, Table 8). We postulate that the effect
pattern, whether dominant (d) or additive (a) (no recessive effect
was observed in this study), plays an important role in disease
susceptibility. Although what contributes to a SNP to exhibit a
different effect pattern is not entirely clear, we speculate that the
overall cellular microenvironment, its interaction with other
SNPs, and other unknown factors contribute to the specific
effect pattern and its consequences, as it may be assessed by
the strength of the given association with disease susceptibility.
For example, different effect patterns among the same SNPs were
observed, where each was associated with varying degree of IPF
Frontiers in Immunology | www.frontiersin.org 1073
susceptibility as assessed by the odds ratio. Interaction #11
(Table 8) exemplifies this point. Three different effect patterns
observed and each was associated with increased IPF risk albeit
each exhibited a different odds ratio (range 1.5-4.2). These
observations collectively indicate that fully understanding SNP-
SNP interactions that may alter the risk of an individual to a
disease, is a challenging problem (67, 68) due to the phenomenon
of epistasis where the combined effect of one or more genes/SNPs
on the phenotype could not have been predicted by their separate
effects (69). Thus, this type of observations requires
further consideration.

The central pathogenesis path of IPF is a progressive
deposition of fibrotic tissue in the lungs secondary to
dysregulated activity of the alveolar epithelium to repeated
injury (7). Actually, mutations in genes encoding surfactant
proteins, have been identified in adults with the phenotype of
pulmonary fibrosis through a gain-of-toxic function mechanism
(70). In the present study, we show that the SFTP genes play a
role in IPF as shown by the numerous 3-SNP significant
interactions that included SNPs of all the SFTP genes.
Although, single SNPs or haplotypes of SFTPA1 exhibited
significant association with IPF susceptibility, no SNPs of other
SFTP genes showed any significant associations. Considering the
vital role of SP-A in innate immunity and host responses of the
lung to foreign particles, these findings are not surprising. Of
interest, SFTPA1, compared to SFTPA2, has been shown to be
more efficient in surfactant lipid reorganization and in
preventing surfactant inhibition by serum proteins, indicating
that the importance of this gene in IPF may in part be due to its
dual role in host defense and surfactant-related activities.
Because the 3-SNP interactions involved SNPs from all SFTPs,
we postulate that collectively SFTP variants contribute to IPF in
ways that we are not able, to yet fully understand. Further
research is needed in studying the impact of the actual SNP-
SNP interactions on levels and biophysical/biochemical
properties of SPs in appropriate biological models. This may
shed light into the complexities of their interactions and advance
our understanding of these interactions on complex diseases,
such as IPF.

Comparison of IPF and HP
When we compared findings of the current IPF study with a
previously published HP study (21), using the same statistical
approach, and cohort as control, a number of similarities and
differences were identified between these interstitial lung
diseases. Although one single SFTPA1 SNP (rs1136450), was
found to associate with decreased risk in both diseases, other
SFTPA1 SNPs were associated with IPF or HP disease-specific
susceptibility. Thus, these point to a potential use of these SNPs
as markers to distinguish between these two diseases. The
SFTPA1 significant SNPs that change the encoded amino acid
may affect functional aspects of the protein variant. The
significance of the rs1136450 has been discussed above under
IPF. The rs1059047 of SFTPA1 that associates with decreased
risk in IPF, changes amino acid 19 (Val/Ala). This amino acid
may or may not be part of all the mature SP-A1 molecules (60)
June 2022 | Volume 13 | Article 842745
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and therefore it is unclear whether and how this may affect the
processing of the precursor protein and/or the functional
capability of the mature molecules that contain this amino acid.

Moreover, one SFTPB SNP (rs1130866) was associated
specifically with decreased risk in HP. The SP-B protein plays
a crucial role in surfactant function and some mutations are not
compatible with life (71). The SFTPB SNP noted above is
responsible for a missense codon (ACT/ATT) that changes
amino acid 131 from a Threonine (ACT) to Isoleucine (ATT)
and eliminates an N-linked glycosylation site (Asp129-Gln-
Thr131) (72). Although amino acid 131 is part of the N-
terminal peptide of the SP-B preprotein and not the mature
SP-B, animal models have shown that the alleles of this SNP
differentially affect the number of lamellar bodies, an
extracellular structural form of surfactant, surface tension and
levels of SP-B (73). Whether this SNP modifies any surfactant
properties in humans and whether the consequences of these
contribute to HP susceptibility is unknown. Its location is near a
mutation hotspot and whether this, under certain circumstances,
impacts other events is currently unknown (74).

Furthermore, we observed four 3-SNP interactions to exhibit a
disease specific outcome. These interactions involved the same
SNPs with similar effect patterns and associated with increased
and decreased risk of IPF and HP, respectively (Table 7). These
interactions involved SNPs from all SFTPs, with two of these
(interactions #9 and 10) containing SNPs only from the
hydrophobic surfactant proteins (SFTPB and SFTPC), one
(interaction #4) contained SNPs only from the hydrophilic
proteins (SFTPA2, SFTPA1, SFTPD) and one (interaction #8)
contained SNPs from both groups (SFTPA2, SFTPB, SFTPC).
Collectively, these indicate a role of all the surfactant proteins in
the susceptibility of these diseases. Furthermore, the disease-specific
lung microenvironment may alter the susceptibility of the host (75)
and thus SNP interactions of the same SNPs with the same effect
pattern may lead to different outcomes, as shown with the 3-SNP
interactions in the present study. These interactions indicate that is
plausible to distinguish the two similar interstitial lung diseases (IPF
and HP), based on genetic interactions. Furthermore, we observed a
number of 3-SNP interactions, with the same SNPs but with
different effect patterns, to associate with IPF and HP disease
susceptibility (Table 8). These observations are difficult to
understand at the current time, as there may be a nonlinear
relationship (dominant) between the gene products and disease
outcomes, due perhaps to the gene dosage/imbalance and other
sources of “more than-additive genetic interactions” that may lead
to variable phenotypes of either over-, under- or non-function of the
gene products in a given disease state (76).

The strengths of the current study are: a) the use of a newer
statistical analysis to study SNP-SNP interactions with adjustment
of important variables such as age, sex, and smoking status, b)
enrollment of a patient population and control study groups with a
similar ethnic background from the same center; therefore, the
population structure of the studied groupsmay not be amajor issue.
Although, the second strength maybe a limitation (i.e., whether it
can be generalized to include other groups of a different race or
ethnicity), to our current knowledge ethnicity is not a significant
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risk factor as both diseases occur similarly in different ethnic groups
as reported worldwide. However, there is limited information to
determine whether differences in the frequency of the surfactant
protein genetic variants, epigenetics, or differences in the SNP-SNP
effect patterns studied here exist among different groups that could
potentially point to different underlying processes in the
pathogenesis of these disease. Thus, it is prudent to replicate the
present findings in a larger sample size by case control studies with
clinically confirmed cases of IPF and HP of other groups of
heterogeneous non-Hispanic patients from various ethnicities in
order to validate and strengthen the differential diagnostic potential
of the identified SNPs and SNP interactions.

In conclusion, SNPs of all SFTPs appear to play an important
role in identifying disease susceptibility in IPF and HP interstitial
lung diseases. Similarities between these two diseases with regards to
the surfactant protein genes variants were observed in haplotypes or
in 3-SNP interactions, as well as differences highlighting the
different underlying pathogenic mechanisms between an
inflammatory-driven fibrosis (HP) and an epithelial-driven
fibrosis (IPF). In addition, the disease-specific associations of the
SP polymorphisms hold the potential for these SNPs to be used as
markers to distinguish between these two diseases. The information
obtained in the current study was enabled via the use of newer/novel
statistical methods to study models of single SNPs as well as SNP-
SNP interactions where epistasis could be addressed. SFTPA1 and
SFTPB SNPs might be of particular interest for future studies, where
these could be used as markers either individually or together with
other biomarkers in an attempt to distinguish between these two
similar diseases. This is of great importance as it could help
downstream decision-making of diagnosis and disease-specific
therapies of these two devastating diseases.
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Human surfactant protein (SP)-A1 and SP-A2 exhibit differential qualitative and
quantitative effects on the alveolar macrophage (AM), including a differential impact on
the AM miRNome. Moreover, SP-A rescue (treatment) of SP-A-knockout (KO) infected
mice impoves survival. Here, we studied for the first time the role of exogenous SP-A
protein treatment on the regulation of lung alveolar cell (LAC) miRNome, the miRNA-RNA
targets, and gene expression of SP-A-KO infected mice of both sexes. Toward this, SP-A-
KO mice of both sexes were infected with Klebsiella pneumoniae, and half of them were
also treated with SP-A2 (1A0). After 6 h of infection/SP-A treatment, the expression levels
and pathways of LAC miRNAs, genes, and target miRNA-mRNAs were studied in both
groups. We found 1) significant differences in the LAC miRNome, genes, and miRNA-
mRNA targets in terms of sex, infection, and infection plus SP-A2 (1A0) protein rescue; 2)
an increase in the majority of miRNA-mRNA targets in both study groups in KO male vs.
female mice and involvement of the miRNA-mRNA targets in pathways of inflammation,
antiapoptosis, and cell cycle; 3) genes with significant changes to be involved in TP-53,
tumor necrosis factor (TNF), and cell cycle signaling nodes; 4) when significant changes in
the expression of molecules from all analyses (miRNAs, miRNA-mRNA targets, and
genes) were considered, two signaling pathways, the TNF and cell cycle, referred to as
“integrated pathways” were shown to be significant; 5) the cell cycle pathway to be
present in all comparisons made. Because SP-A could be used therapeutically in
pulmonary diseases, it is important to understand the molecules and pathways involved
in response to an SP-A acute treatment. The information obtained contributes to this end
and may help to gain insight especially in the case of infection.

Keywords: surfactant protein A2, lung alveolar cells, alveolar macrophages, Klebsiella pneumoniae, miRNome,
gene expression, cell cycle, TP-53
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INTRODUCTION

Lung diseases due to bacterial infection result in a significant
increase in mortality and morbidity. The Gram-negative
bacterium Klebsiella pneumoniae (K. pneumoniae) was isolated
from a pneumonia patient, and it is a major source of
community- and hospital-acquired respiratory infection (1–3).
It is found in nature (1, 2, 4, 5) and colonizes human mucosal
surfaces, such as the gastrointestinal tract and oropharynx (4–6),
causing infections in a number of organs including the lung,
liver, urinary tract, and others, associated with increased
mortality and morbidity (7). In neonates and elderly
individuals, K. pneumoniae infection is a major health
problem (8).

In pulmonary infections due to rapid K. pneumoniae
progress, the time interval for effective treatment is minimized
(9). In humans and mouse model studies, within hours of K.
pneumoniae infection, there are significant changes in the
neutrophils at lung air spaces and pulmonary edema (10–12).
The lung resident key effector cells of innate immunity, the
alveolar macrophages (AMs), via bacterial phagocytosis can
effectively eliminate the bacterial infection in the lung (13). A
reduction in the number of AM cells in the lungs has been
associated with a decrease in the killing of K. pneumoniae in vivo
(14). During the early and later stages of lung infection, AM cells
produce inflammatory cytokines to aid in the control of the
infection (15, 16).

The hydrophilic lung surfactant proteins (SPs), SP-A and SP-
D, members of the family of collectins (17), provide the first line
of contact for inhaled bacteria. SP-A serves important roles in
both the lung innate immunity and host defense as well as in
surfactant-related functions (13, 18–21). SP-A consists of a
number of functional regions/domains (21), and its C-terminal
carbohydrate recognition domain is important for binding to
pathogens, allergens, and others (20–24). SP-A interacts with
AM and via this interaction modulates the function and
regulation of AM (13, 25–29). SP-A may also play a role in
linking innate immunity and adaptive immunity (30). In the
absence of SP-A, there is a significant increase in the
susceptibility to pneumonia and other types of lung injury
(31–35).

In humans, SP-A is encoded by two functional genes, SFTPA1
and SFTPA2 (21, 36, 37), that are differentially regulated (38).
These genes encode SP-A1 and SP-A2, respectively. SP-A1 and
SP-A2 differ virtually in all studied aspects that include
qualitative (21) and quantitative (38) differences. The
qualitative differences include their differential ability to
regulate the AM proteome, toponome, and many others (21,
39–43). However, in the absence of SP-A, as in SP-A knockout
(KO) mice, the AM proteome profile was significantly and
differentially changed in response to SP-A1 or SP-A2 protein
treatment (39). Furthermore, humanized transgenic mice that
each expresses SP-A1 or SP-A2 exhibited, after infection, sex
differences in survival and in lung function mechanics (44, 45),
and the SP-A2-expressing mouse exhibited sex-dependent AM
NAD(H) redox levels (46).
Frontiers in Immunology | www.frontiersin.org 279
miRNAs are ~22-nucleotide-long non-coding RNAs with
important roles in posttranscriptional regulation usually of
gene silencing of target mRNAs under various conditions (47–
52). SP-A1 and SP-A2 have been shown to differentially regulate
the AM (53) and the Type II cell (54) miRNome in a sex-specific
manner (21). The presence of SP-A2 or the presence of both SP-
A1 and SP-A2 in humanized transgenic mice resulted in
significant differences in AM miRNome and miRNA-mRNA
target gene regulation (53, 55). However, at a later time point, an
attenuation of sex differences was observed (56), implicating an
interplay of post-exposure time, sex, and SP-A genotype.

Previously, we observed 1) improved survival after treatment of
SP-A-KO infected mice with SP-A, and this was independent of
the time of protein treatment, i.e., prior, after, or at the same time
as the infection (44); and 2) a significant change in the AM
miRNome and AM gene expression profile after exposure to
various insults (i.e., ozone or infection) in mice that were
constitutively/chronically exposed to SP-A2 (42, 53, 56). Because
innate immunity and SP-A, in particular, play an important role in
mitigating infection severity, we wished to investigate mechanisms
in response to acute SP-A2 treatment, as this may be relevant to
cases of lung infection if one were to use SP-A-regulated miRNAs
or target certain genes/pathways for therapeutic purposes.

Here, we studied the impact of infection and infection plus
SP-A2 (1A0) protein rescue on the regulation of lung alveolar cell
(LAC) miRNome and gene expression in SP-A-KO mice. The
majority of LACs after 6 h following infection are AMs (~70%–
75%), as assessed by differential cell count after Papanicolaou
staining (seeMaterials and Methods). The KOmice of both sexes
were infected with K. pneumoniae with or without SP-A2 (1A0)
protein rescue. Six hours later, the expression levels of LAC
miRNAs, genes, and miRNA-mRNA targets of significantly
changed miRNAs as well as various pathways were studied. A
number of molecules (miRNAs, miRNA-mRNA targets, and
genes) were identified with significantly changed levels as a
function of exposure and sex, and specific pathways were
identified as being significant in these processes. The cell cycle
was ubiquitous, as this was significant in all comparisons made,
although the specific molecules involved differed under the
different studied conditions. The pro-inflammatory pathway
was another important pathway. In the gene expression study,
an unexpected pathway known to play a role in cancer, the TP-
53, was identified. To our knowledge, this is the first study to
investigate SP-A treatment in response to infection, and the
information obtained may provide useful insight, as SP-A is
moving toward therapeutic considerations (57, 58).
MATERIALS AND METHODS

Animals
Male and female SP-A-KOmice (~12 weeks old) were used in the
current study. All of the animals were kept in a pathogen-free
environment, as described previously (44, 45). The estrous cycle
in female mice was synchronized, as previously noted (44, 45).
Twenty-eight mice were used (16 for miRNA and gene
July 2022 | Volume 13 | Article 854434
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expression profiling and 12 for miRNA target gene validation).
The Pennsylvania State University Medical Center Institute
Animal Care and Use Committee (IACUC) approved the
procedures and the animal protocol (#44968) used.

Klebsiella pneumoniae Preparation
and Infection of Mice
K. pneumoniae bacteria (ATCC 43816) were obtained (Rockville,
MD, USA) and prepared as described previously (32, 44, 45, 59).
Approximately, 450 colony forming units (CFUs) in a 50 µl
suspension were used to infect each mouse. The CFU/ml values
were calculated based on the standard curve obtained by
measuring the growth of bacteria at OD660. The mice were
infected oropharyngeally (42, 60) after being anesthetized with
a mixture of ketamine and xylazine as described previously (32,
44, 45, 59, 60). Male and female SP-A-KO mice (n = 4/group for
miRNA and gene expression profile and n = 3/group for qRT-
PCR validation) were used. Based on previous study findings (39,
42, 61, 62), the 6-h time point was selected to study LAC
miRNAs and gene expression profile from KO mice in
response to bacterial infection with and without rescue with
SP-A. We hypothesized that the 6-h time interval would allow
for the study of relatively early events.

Treatment of Mice With SP-A2
(1A0) Protein
SP-A-KO mice were anesthetized, and one group of mice was
infected with K. pneumoniae (~450 CFU/mouse) as described
above. Another group was infected as described above and, at the
same time, these mice received 10 µg (50 µl) of purified SP-A2
(1A0) protein (42, 44, 60). In this study, 10 µg of purified protein
was chosen, as this was shown in a previous rescue study (44) to
significantly improve the survival of infected mice. The protein
used for the rescue was obtained from stably transfected CHO
cell lines as described (63). The mice were monitored for 6 h
after infection.

Isolation of Lung Alveolar Cells From
Infected Mice
LAC were obtained from SP-A-KO mice by bronchoalveolar
lavage (BAL) at 6 h, after infection alone, and after infection plus
SP-A2 (1A0) protein treatment as described previously (42, 61).
The cells in the BAL were separated by centrifugation (150 × g
for 5 min) (31, 53), and a total cell count was performed, and
cells were frozen (-80°C) until further use for either miRNA or
gene expression studies. Briefly, the cell pellet was washed with
1× PBS (Gibco, Waltham, MA, USA), and the LACs, as a whole,
were used in the present study without any cell sorting.
Randomly, a fraction of the cells from 2 samples from each
group was used to prepare cytospins, cells were subjected to
Papanikolaou staining, and a differential cell count was
performed. The majority of LACs at 6 h after infection are
AMs (~70%–75%). Other cells early in the response to infection
may include neutrophils (10–12). SP-A treatment is not expected
to change the AM cell population (39, 61).
Frontiers in Immunology | www.frontiersin.org 380
RNA Extraction, Library Construction,
and Sequencing
Total RNA extracted from LACs was used for library
construction and sequencing, as described previously (42, 55).

miRNA Analysis
Small RNA sequencing (RNA-seq) libraries were generated by
NEXTflex Small RNA Library Prep Kit v3 for Illumina (BioO
Scientific, Austin, TX, USA), followed by deep sequencing on an
Illumina HiSeq 2500 as per the manufacturer’s instructions.
Briefly, 1–2 ng of total RNA was ligated with chemically
modified 3′ and 5′ adapters that can specifically bind to mature
microRNAs, followed by reverse transcription and PCR
amplification. Unique index sequence tags were introduced
during PCR to enable multiplexed sequencing. Each library was
assessed for the presence of desired microRNA population and
approximate library quantity by Bioanalyzer High Sensitivity DNA
Kit (Agilent Technologies). Pooled libraries were denatured and
loaded onto a TruSeq Rapid flow cell on an Illumina HiSeq 2500
and run for 50 cycles using a single-read recipe according to the
manufacturer’s instructions. De-multiplexed sequencing reads
passed the default purify filtering of Illumina CASAVA pipeline
(released version 1.8) and were quality trimmed/filtered using The
FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit). The
filtered reads were further trimmed with both 5′ and 3′ adapter
sequences and subjected to Chimira suite to align and count
miRNA expression (64).

The differentially expressed miRNAs between male and
female mice under the studied condition were identified by
using edgeR test method (65) and TCC v1.14.0 R package (66)
with a false discovery rate (FDR)-adjusted p-value of 0.1 as a
significance cutoff for miRNA identification. Outliers and other
inconsistencies were removed based on 1) the lack of good
correlation of data count among the groups in at least 3
replicates and on average tag count data and 2) whether the
value was higher than twice the standard deviation. The
differentially expressed miRNAs (n = 178) used for further
analysis were selected based on their fold change and their p-
value (p < 0.05).

Gene Expression Analysis
QuantSeq 3′ mRNA-Seq Library Prep Kit FWD from Illumina
(Lexogen, Vienna, Austria) was used to generate mRNA-Seq
libraries as per manufacturer’s recommendation, followed by
deep sequencing on an Illumina HiSeq-2500 as per the
manufacturer’s instructions. Briefly, 0.5–1 ng of total RNA was
subjected to the first cDNA strand that is initiated by oligo dT
priming. The synthesis of the second cDNA strand is performed by
random priming in a manner that DNA polymerase is efficiently
stopped when reaching the next hybridized random primer, so only
the fragment closest to the 3′ end gets captured for later indexed
adapter ligation and PCR amplification. The processed libraries
were assessed for fragment size distribution and quantity using a
BioAnalyzer High Sensitivity DNA kit (Agilent Technologies).
Pooled libraries were denatured and loaded onto a TruSeq Rapid
flow cell on an Illumina HiSeq 2500 (Illumina) and run for 50
July 2022 | Volume 13 | Article 854434
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cycles using a single-read recipe (TrueSeq SBS kit v3, Illumina)
according to the manufacturer’s instructions. Illumina CASAVA
pipeline (released version 1.8, Illumina) was used to obtain de-
multiplexed sequencing reads (fastq files) that passed the default
purifying filter. These were further subjected to QuantSeq data
analysis pipeline on a Bluebee genomics analysis platform (Bluebee,
Cambridge, MA, USA). The differentially expressed genes between
male and female mice under the studied condition were identified
by using the edgeR test method (65) and TCC v1.14.0 R package
(66).We chose genes for further analysis based on their p-value (p <
0.05) and their expression levels (≥2-fold change) in LACs from
infected and infection plus protein rescue mice.

Lung Alveolar Cell miRNA and Gene
Data Analysis
Changes in the levels of miRNAs and gene expression after
infection and infection plus SP-A2 (1A0) were compared.
Differentially expressed miRNAs and genes in SP-A-KO male
and female mice were identified (data count from 3 out of 4 mice,
Supplementary Materials 1, 2). The fold differences for the
identified miRNAs and genes between male and female mice
were determined by dividing a specific individual male miRNA
or gene value by the corresponding specific female miRNA or
gene value and vice versa for the same miRNA or gene
(Supplementary Materials 1,2).
Ingenuity Pathway Analysis
Ingenuity Pathway Analysis (IPA; www.qiagen.com/ingenuity
Qiagen, Redwood City) was performed as described (42, 53, 55,
67) and used values that met the cutoff of 2-fold up and
downregulation in the male and female groups in the studied
conditions. IPA helped to identify miRNA-mRNA targets of the
significantly changed miRNAs and signaling pathways of the
miRNA targets and regulatory networks of the differentially
expressed genes as well as identify “integrated” signaling
networks of the significantly changed miRNAs, their targets, and
the differentially expressed genes under the studied conditions.
Validation of miRNA-mRNA Target
Gene Expression
The expression levels of individualmiRNA targetswere validated in
LACs isolated fromKOmale and female mice after infection alone
and after infection in combination with exogenous SP-A2 (1A0)
protein by qRT-PCR as described previously (42, 55). The
expression levels of BCL2, CASP9, CCND1, CCND2, CDK7,
CDKN2A, E2F1, E2F2, E2F3, EGR2, FOXO1, FOXO3, IL-6,
MYC, PPARA, PPARG, SMAD2, STAT-3, TLR2, TNF, and
TNFSF12 were assessed by real-time PCR using RT2 SYBR Breen
ROX qPCR master mix (#330520, Qiagen) on a QuantStudio 12K
Flex Real-Time PCR system (Applied Biosystems, Waltham, MA,
USA) at the Pennsylvania State University College of Medicine
Genomic Core Facility. The RT2 qPCR Primer assays were
purchased from Qiagen. The LAC samples [3 animals/sex/
treatment—infection alone or in combination with SP-A2 (1A0)
Frontiers in Immunology | www.frontiersin.org 481
protein] were analyzed in triplicate/animal. The glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) level was used, as a standard,
to quantify the relative expression levels of the studied genes. The
relative expression levels of genes were determined by the 2-DCT in
which DCT was calculated as follows: DCT = CT gene-of-interest - CT
housekeeping gene.

Statistical Analysis
Significant differences of the miRNAs and gene expression levels
in male and female mice after infection and after infection plus
SP-A2 (1A0) protein were assessed by a two-tailed t-test and
nonparametric Mann–Whitney test. Multiple comparison
analysis was performed by one-way analysis of variance
(ANOVA) followed by Bonferroni correction for multiple
comparisons. A p < 0.05 was considered statistically significant.
All of the data points are means ± standard deviation, and
analyses were performed using GraphPad Prism software version
5.0 (GraphPad Software, San Diego, CA, USA).
RESULTS

Lung Alveolar Cell miRNome
Effect of Infection and Infection Plus Exogenous SP-
A2 (1A0) Protein Rescue on Lung Alveolar Cell
miRNome
A total of 178 LAC miRNAs were found in male and female mice
of both study groups (Supplementary Material 1). A two-tailed
t-test and nonparametric Mann–Whitney test were used to assess
differences (p < 0.05) (Figures 1A–D). No significant differences
were observed in any of the comparisons by one-way ANOVA or
Bonferroni multiple comparison analysis (data not shown).

miRNAs That Changed ≥2-Fold After Infection and
Infection Plus SP-A2 (1A0) Protein Rescue
We next studied LAC miRNAs that exhibited ≥2-fold changes in
response to infection vs infection plus SP-A2 (1A0) protein
rescue in KO male and female mice.. A comparison of LAC
miRNAs from infected KO male and female mice revealed 1) 47
miRNAs in male mice and 7 miRNAs in female mice in response
to infection and 2) 53 miRNAs in male mice and 12 miRNAs in
female mice after infection plus SP-A2 (1A0) (Supplementary
File 1). Another comparison of LAC miRNAs that changed in
response to infection vs. infection plus SP-A2 (1A0) protein
rescue in the same sex revealed that, in male mice, 25 miRNAs
were differentially expressed (≥2-fold) in response to infection
compared to 12 miRNAs in response to infection plus SP-A2
(1A0) protein, and in female mice, 26 miRNAs were differentially
expressed (≥2-fold) in response to infection compared to 15
miRNAs in response to infection plus SP-A2 (1A0) protein
rescue (Supplementary File 1). In both comparisons, miRNAs
with ≥2-fold expression level were specific to infection or
infection plus SP-A2 (1A0) protein rescue. No miRNA was
found to be in common in either sex between the two
conditions (Supplementary File 1).
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Ingenuity Pathway Analysis
IPA was used to assess biological functions and miRNA targets of
significantly changed miRNAs. The miRNA-mRNA targets of
the significantly changed miRNAs and the signaling pathways
that these are involved in are shown in Figure 2. The miRNA-
mRNA targets include BCL2, CASP9, CCND1, CCND2, CDK7,
CDKN2A, E2F1, E2F2, E2F3, EGR2, FOXO1, FOXO3, IL-6,
MYC, PPARA, PPARG, SMAD2, STAT-3, TLR2, TNF, and
TNFSF12. The miRNAs that were changed significantly in KO
male and female mice under the studied conditions and their
targets are listed in Table 1.

miRNA-mRNA Target Validation by qRT-PCR Analysis
LACs derived from mice of either sex from the two studied
conditions were used for this analysis (Figure 3). The expression
levels of CASP9, CCND1, CCND2, E2F1, E2F2, E2F3, EGR2,
FOXO1, FOXO3, MYC, PPARG, SMAD2, STAT-3, TLR2, TNF,
and TNFSF12 were significantly upregulated in KO male vs.
female mice under both studied conditions (Figure 3A). On the
other hand, the expression levels of BCL2, CDKN2A, IL-6, and
PPARA remained similar in both male and female mice after
infection but were significantly upregulated in male mice after
infection in combination with exogenous SP-A2 (1A0) protein
(Figure 3B). The expression level of CDK7 was significantly
increased in male mice after infection but decreased significantly
Frontiers in Immunology | www.frontiersin.org 582
compared to female mice in response to infection in combination
with exogenous SP-A2 (1A0) protein (Figure 3B).
Gene expression of Lung Alveolar Cells
From Infected Mice and Infected Plus SP-
A2 (1A0) Protein Rescue Mice
Ingenuity Pathway Analysis
The genes that exhibited significant changes (≥2-fold) in
response to infection and infection plus SP-A2 (1A0) protein
between KO male and female mice were used for IPA. Three
signaling nodes, tumor necrosis factor (TNF), TP-53, and cell
cycle, were identified where each node had direct interactions
with 4 or more molecules in the studied conditions. The TNF
node even though lacked direct interactions with 4 or more
molecules is shown in Figure 4 because a large number of genes
(n = 8) with ≥2-fold change had indirect interactions. The
functional relationship plots of the signaling nodes in both
sexes in KO under the studied conditions are presented in
Figure 4 and Supplementary Figure 1. These together show
that many of the observed genes with ≥2-fold changes were
previously shown to contribute, via either direct (solid lines) or
indirect (dashed lines) interactions, to TNF, cell cycle, and TP-53
signaling nodes under the studied conditions (Figure 4,
Supplementary Figure 1).
B

C D

A

FIGURE 1 | LAC miRNome in KO males and females mice after K. pneumoniae infection and infection plus SP-A2 (1A0) protein rescue. Comparisons between
miRNAs identified in KO, M vs. F, after infection (A), M vs. F, after infection plus SP-A2 (1A0) protein rescue (B). Male mice: infection vs. infection plus SP-A2 (1A0)
protein (C). Female mice: infection vs. infection plus SP-A2 (1A0) protein (D). Significant differences were observed between sexes and between bacterial infection
and infection plus rescue (A–D; p < 0.05). *p < 0.05, ***p < 0.001. In; Infection, In + P; infection plus SP-A2 (1A0) protein.
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Differentially Expressed Genes in Knockout Lung
Alveolar Cells From Mice Under the Studied
Conditions, Infection and Infection Plus Rescue
We identified differentially expressed genes (p < 0.05) for several
of the comparisons made. These include a) M vs. F, infection, n =
169 genes; b) M vs. F, infection plus SP-A2 (1A0) protein, n = 105
genes; c) male mice, infection vs. infection plus SP-A2 (1A0), n =
Frontiers in Immunology | www.frontiersin.org 683
245 genes; and d) female mice, infection vs. infection plus SP-A2
(1A0), n = 188 genes (Supplementary File 2).

Next, we assessed changes in specific genes that either
increased (≥2-fold) or decreased (≤2-fold) significantly in
either sex under each studied condition. After infection, out of
the 169 significantly changed genes (≥2-fold), 38 were increased
and 131 were decreased in male vs. female mice and vice versa
TABLE 1 | LAC KO miRNA levels in male and female mice and their mRNA targets after infection and infection plus SP-A2 (1A0) rescue.

miRNA ID Infection Infection + SP-A2 (1A0) Protein #Target molecule

Fold change

Male mice Female mice Male mice Female mice

let-7a-5p 1.16* 0.86* 1.64* 0.61* CCND1, CCND2, CDKN2A, E2F1, E2F2, E2F3, MYC, PPARA, TNF, TNFSF12
miR-16-5p 0.83* 1.21* 1.39* 0.72* BCL2, CCND1, CCND2,CDK7, E2F1, E2F2, E2F3, TNFSF12
miR-17-5p 2.09 0.48* 1.67* 0.60* CCND1, CDK7, E2F1, E2F2, E2F3, EGR2, MYC, STAT-3, PPARA, TNFSF12,
miR-22-3p 0.44* 2.28 1.32* 0.76* E2F1, E2F3
miR-23a-3p 1.23* 0.81* 1.98 0.51* E2F1, E2F3,TNFSF12
miR-30c-5p 1.74* 0.57* 1.64* 0.61* PPARA
miR-34a-5p 1.30* 0.77* 3.49 0.29* PPARA, PPARG
miR-103-3p 0.80* 1.24* 1.38* 0.72* E2F1, E2F3, PPARA
miR-125b-5p 1.10* 0.91* 1.48* 0.68* TLR2
miR-143-3p 0.51* 1.94 0.73* 1.38* E2F1, E2F3, PPARA
miR-155-5p 2.45 0.41* 3.01 0.33* IL-6, TLR2, TNF
miR-181a-5p 1.09* 0.91* 2.44 0.41* SMAD2
miR-182-5p 1.08* 0.93* 1.53* 0.66* FOXO1, PPARA
miR-185-5p 0.70* 1.42* 2.18 0.46* SMAD2
miR-191-5p 1.20* 0.83* 2.10 0.48* IL-6
miR-200b-3p 1.15* 0.87* 1.28* 0.78* PPARA
miR-221-3p 0.96* 1.04* 2.17 0.46* E2F1, E2F2, E2F3
miR-378a-3p 1.27* 0.79* 2.37 0.42* CASP9, FOXO3, PPARA
miR-423-5p 1.94 0.52* 3.11 0.32* SMAD2
*Indicates downregulation. #Identified by IPA.
FIGURE 2 | Effect of infection and infection plus SP-A2 (1A0) protein rescue on the miRNome, miRNA-mRNA targets, and pathways of the LAC KO male and
female mice. A comparison is shown of the miRNAs, target genes, and pathways of the LAC KO after infection and infection plus SP-A2 (1A0) rescue in the left and
right panels, respectively. The significantly regulated miRNAs (n = 19) each present in KO male and female groups in response to infection were largely decreased by
~89% in male (blue arrow) and female (pink arrow) mice. In the infection plus SP-A2 (1A0) protein rescue, ~52% of the significantly regulated miRNAs (n = 19) were
decreased in male (blue arrow) and 100% in female (pink arrow) mice; a few miRNAs showed an increase (Table 1)). Three pathways are depicted as assessed by
IPA of the significantly changed miRNAs. The upregulated miRNA-mRNA targets in KO male mice (blue arrow) and the downregulated targets in female mice (pink
arrows) are depicted after infection and infection plus rescue in the left and right panels, respectively. The mRNA targets that did not change after infection and
infection plus SP-A2 (1A0) protein are shown in pink and blue equal sign.
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(Supplementary File 2). In response to infection plus SP-A2
(1A0), out of the 105 significantly changed genes (≥2-fold), 22
and 84 had increased and decreased levels, respectively, in male
vs. female mice and vice versa (Supplementary File 2). In male
mice, out of 245 significantly changed genes (≥2-fold), 178 and
65 had increased and decreased levels, respectively, in response
to infection vs. infection plus SP-A2 (1A0) and vice versa
(Supplementary File 2). Whereas in female mice, out of the
188 significantly changed genes, 127 and 61 exhibited increased
and decreased levels, respectively, in response to infection vs.
infection plus SP-A2 (1A0) and vice versa (Supplementary File
2). Next, we compared genes identified under the studied
condition in male and female mice and found 45 genes to be
in common under all studied conditions (Table 2).

Sex and Treatment Differences in Lung Alveolar Cell
Gene Expression After Infection and After Infection
Plus SP-A2 (1A0) Protein
The two-tailed t-test and nonparametric Mann–Whitney U-test
were used to study the relative expression levels (p < 0.05) of genes
in the LAC under the studied conditions. The results showed
significant differences both as a function of sex and treatment after
infection or infection plus SP-A2 (1A0) protein (Figures 5A–D).
Frontiers in Immunology | www.frontiersin.org 784
Significant Pathways After Integration of
miRNAs, miRNA-mRNA Target Genes, and
Genes Expressed Under the Studied
Conditions
In response to infection and infection plus SP-A2 (1A0) protein
rescue, a subset of the miRNAs, miRNA-mRNA targets, and
genes identified with significant changes in their levels in male
and female mice were involved in TNF and cell cycle signaling
pathways (Figure 6). These are referred to as “integrated”
pathways in the Discussion.

In Response to Infection
Two signaling pathways were identified, the TNF and the cell
cycle. 1) In TNF signaling, the expression level of miRNAs let-7a-
5p, miR-34a-5p, and miR-155-5p was downregulated (p < 0.05) in
both sexes, except miR-155-5p that showed a significant increase
in male mice. The identified miRNAs were predicted to bind and
regulate TNF and PPARG, and their altered expression was
associated with an increase in the expression (p < 0.05) of these
target molecules inmale vs. female mice (Figure 6A). IPA revealed
that several of the identified genes in the gene expression study
(ATP6V0D2, COTL1, SRGN, SNAP23, LITAF, CDC42, PPT1,
SCARB2, and PANK3) have an indirect interaction with the
B

A

FIGURE 3 | Effect of infection and infection plus SP-A2 (1A0) protein rescue on miRNA-mRNA targets. Panels A, B show the gene expression levels in KO male and
female mice. Significant sex differences after infection in the expression levels of CASP9, CCND1, CCND2, E2F1, E2F2, E2F3, EGR2, FOXO1, FOXO3, MYC,
PPARG, SMAD2, STAT-3, TLR2, TNF, and TNFSF12 (upregulated in male mice compared to female mice) are shown in panel (A) on the left. The expression levels
of BCL2, CDK7, CDKN2A, IL-6, and PPARA after infection that exhibited no changes between sexes in response to infection except CDK7 (showed a significant
increase in male mice) are shown in panel (B) on the left. However, in response to infection plus protein rescue, all of the genes exhibited an increase in male vs.
female mice (A, B on the right) except the CDK7 that exhibited an increase (p < 0.05) in female mice (B on the right). The expression levels of specific mRNA targets
were normalized to GAPDH and are depicted by blue and pink bars, respectively, for male and female mice. An asterisk (*) marks the differences (p < 0.05) between
male and female mice.
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miRNA targets especially TNF, whereas the MBNL1 has a direct
interaction with PPARG (Figure 6A). The expression of the
ATP6V0D2, SNAP23, LITAF, CDC42, PPT1, and SCARB2
genes was downregulated (p < 0.05), and the expression of
SRGN, PANK3, and MBNL1 was upregulated (p < 0.05) in
male vs. female mice. However, the expression of the COTL1
gene was upregulated (p < 0.05) in both sexes (Figure 6A).

2) In cell cycle signaling, the expression level of miRNAs let-
7a-5p, miR-16-5p, miR-17-5p, miR-182-5p, and miR-378a-3p
Frontiers in Immunology | www.frontiersin.org 885
was downregulated (p < 0.05) in male and female mice, except
miR-17-5p that showed a significant increase in male mice.
These miRNAs were predicted to bind and regulate CCND1
and FOXO1. These target molecules showed a significant
increase in their expression in male vs. female mice
(Figure 6B). IPA revealed that several of the identified genes
(ARPC1B, PRKAR1A, CDC42, RNF187, and TBCA) have
indirect interaction with the miRNA target CCND1, and the
NDUFA7 gene has a direct interaction with FOXO1 (Figure 6B).
FIGURE 4 | Ingenuity pathway analysis. Biological networks for the TNF signaling of genes with ≥2-fold changes in their expression level are shown for the KO LAC
of both sexes at 6 h after infection. Direct and indirect gene interactions are marked with solid and dashed lines, respectively. Networks on the left and right show
one pathway for male mice and two pathways for female mice, respectively. The different shapes depict different functional classes as follows: Square and concentric
(double) circles denote cytokines and complex/groups, respectively. Diamonds denote peptidases and enzymes. Ovals denote transmembrane receptors and
transcription regulators; triangle, kinases and phosphatases; rectangles, ion channels, G-protein-coupled receptors, and ligand-dependent nuclear receptors; and
trapezoids, microRNAs and transporters.
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The significantly changed genes were downregulated (p < 0.05)
in male vs. female mice (Figure 6B).

In Response to Infection Plus SP-A2 (1A0)
Protein Rescue
One signaling pathway was identified under this condition,
namely, the cell cycle. In this pathway, the expression level of
miRNAs let-7a-5p, miR-17-5p, miR-30c-3p, miR-34a-5p, miR-
103-3p, miR-143-3p, miR-182-5p, miR-200b-3p, and miR-378a-
3p was significantly downregulated in male and female mice,
except miR-34a-5p and miR-378-3p. These two showed a
Frontiers in Immunology | www.frontiersin.org 986
significant increase in male mice. These miRNAs were
predicted to bind and regulate MYC, E2F1, and PPARA; these
target molecules showed an increase (p < 0.05) in their
expression in male vs. female mice (Figure 6C). IPA revealed
that several of the identified genes (RPL6, RPS21, RPL4, RPL35A,
RPS3, RPS9, RPL37, RPL36a, RPS25, RPL31, TSPO, DBI,
ACAA1b, and UQCR11) have direct interaction with the
miRNA-mRNA targets, i.e., MYC, E2F1, and PPARA, whereas
PIM1, SRGN, and IVNS1ABP have indirect interaction with
MYC (Figure 6C). The expression level of RPS21, RPL4,
UQCR11, SRGN, and IVNS1ABP genes was upregulated (p <
TABLE 2 | Relative content (≥2-fold or ≤2-fold) of genes found to be in common in KO male vs. female (M/F) mice and vice versa after infection and infection plus SP-
A2(1A0) rescue are shown.

Gene Symbol Fold change (≥2 or ≤2)

Male mice Female mice

Infection Infection plus Protein p-value Infection Infection plus Protein p-value

Anxa2 10.500 0.095 0.012 14.943 0.067 0.005
App 9.888 0.101 0.019 23.387 0.043 0.002
Arl6ip1 48.327 0.021 0.001 7.220 0.138 0.040
Atp6v1b2 11.270 0.089 0.040 7.451 0.134 0.033
B2m 7.368 0.136 0.046 14.988 0.067 0.007
Cd47 15.293 0.065 0.027 0.003 391.712 0.000
Cd63 36.338 0.028 0.004 11.236 0.089 0.009
Cd74 42.953 0.023 0.001 9.876 0.101 0.012
Cebpb 8.023 0.125 0.025 15.958 0.063 0.007
Chmp1a 0.112 8.899 0.012 11.532 0.087 0.024
Chmp4b 0.143 6.990 0.009 44.313 0.023 0.000
Cotl1 8.627 0.116 0.031 7.323 0.137 0.028
Cox6a1 13.444 0.074 0.023 43.058 0.023 0.004
Ctsz 101.999 0.010 0.000 10.138 0.099 0.020
Dazap2 15.871 0.063 0.013 64.249 0.016 0.000
Ear2 14.074 0.071 0.007 6.663 0.150 0.026
Furin 18.289 0.055 0.012 41.871 0.024 0.001
Gm10076 15.460 0.065 0.015 11.796 0.085 0.019
Gm23935 146.087 0.007 0.000 52.072 0.019 0.001
Gpx1 24.106 0.041 0.004 29.036 0.034 0.000
Grn 17.153 0.058 0.006 24.312 0.041 0.001
Iqgap1 7.248 0.138 0.048 7.978 0.125 0.029
Itgb1 18.834 0.053 0.024 28.461 0.035 0.010
Itm2c 19.639 0.051 0.016 156.657 0.006 0.000
Lcp1 12.632 0.079 0.013 33.804 0.030 0.001
Lsp1 0.113 8.849 0.042 8.749 0.114 0.045
Pafah1b1 0.084 11.933 0.011 40.320 0.025 0.007
Pla2g15 36.258 0.028 0.007 6.479 0.154 0.045
Psap 45.531 0.022 0.000 38.107 0.026 0.001
Ptprc 13.997 0.071 0.040 17.303 0.058 0.006
Rab14 11.907 0.084 0.040 12.096 0.083 0.004
Rpl36a 42.542 0.024 0.002 16.947 0.059 0.005
Rpl37 8.835 0.113 0.041 11.783 0.085 0.017
Rps25 38.956 0.026 0.000 12.910 0.077 0.009
Rps3 18.131 0.055 0.014 54.118 0.018 0.001
Rps5 7.865 0.127 0.042 9.942 0.101 0.017
Rps9 7.408 0.135 0.045 30.685 0.033 0.001
Shisa5 33.361 0.030 0.002 49.892 0.020 0.000
Tmbim6 7.950 0.126 0.031 24.143 0.041 0.001
Tmed10 84.217 0.012 0.001 13.154 0.076 0.035
Tubb5 14.562 0.069 0.013 49.324 0.020 0.001
Txnip 10.103 0.099 0.033 51.432 0.019 0.000
Ube2d3 17.291 0.058 0.024 29.690 0.034 0.006
Vdac2 0.116 8.650 0.016 0.121 8.268 0.040
Wfdc21 148.952 0.007 0.000 10.742 0.093 0.026
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0.05) in male vs. female mice, but the expression of RPL35A was
upregulated (p < 0.05) in female vs. male mice (Figure 6C). The
expression of the other genes that interacted with MYC, E2F1,
and PPARA was downregulated in both sexes under the studied
condition. Together, these may provide some insight into the
sex-specific response in the presence or absence of SP-A,
observed here and in other studies, following bacterial infection.
DISCUSSION

AMs are key effector cells in the innate immunity of the lung, and
their regulation and function can be affected by SP-A (13, 20, 21,
32, 59, 68–70). Several studies have shown in response to K.
pneumoniae infection differences in survival as a function of sex
in various types of mice including wild-type, SP-A-KO, and
Frontiers in Immunology | www.frontiersin.org 1087
humanized transgenic mice, where each mouse line expresses a
different human SP-A1 and SP-A2 variant (21, 32, 44, 59). In
fact, the rescue of SP-A-KO mice with exogenous SP-A has been
shown to significantly improve survival after bacterial infection
regardless of whether the SP-A treatment occurred before or
after infection or simultaneously with infection (44). Human SP-
A1 and SP-A2 variants exhibit sex differences in their ability to
regulate in vivo the miRNome (21) of AM (53) and Type II cells
(54). Here, we studied the effect of K. pneumoniae infection and
infection plus SP-A2 (1A0) protein rescue on the differential
regulation of the LAC miRNome and gene expression of SP-A-
KO mice. Mice were infected with K. pneumoniae or infected
plus rescue with SP-A2 (1A0) protein. LAC miRNAs and gene
expression levels were studied at 6 h after infection and infection
plus rescue. The miRNA-mRNA target genes and signaling
networks of the significant miRNAs were studied by IPA and
B

C D

A

FIGURE 5 | Gene expression in KO mice of both sexes at 6 h after K. pneumoniae infection and infection plus SP-A2 (1A0) protein rescue. A total of 169 genes in
M vs. F after infection (A), 105 genes in M vs. F after infection plus SP-A2 (1A0) protein rescue (B), 245 genes in male mice of infection vs. infection plus SP-A2 (1A0)
protein rescue groups (C), and 188 genes in female mice of infection vs. infection plus SP-A2 (1A0) protein rescue groups (D) were changed significantly and used in
these analyses. These comparisons (n = 4/group) were significant (p < 0.05). Sex and treatment differences (***p < 0.001) were observed under studied conditions.
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validated by qRT-PCR and the gene expression profile by IPA.
We observed the following: 1) differences (p < 0.05) in the LAC
miRNome and gene expression of KO as a function of sex and
condition; 2) significant increases in the overwhelming majority
Frontiers in Immunology | www.frontiersin.org 1188
of miRNA target genes in KO male mice in response to infection
and infection plus rescue; 3) involvement of the miRNA-mRNA
targets in various pathways that included pathways involved in
inflammation, antiapoptosis, and cell cycle; 4) based on LAC
FIGURE 6 | Significant pathways that involve miRNAs, miRNA-mRNA targets and genes expressed following infection (Panel A, B) and infection plus SP-A2 (1A0)
protein rescue (Panel C) are shown for males (left side diagrams) and for females (right side diagrams). Interactions of miRNA targets with genes identified from the
gene expression analysis are shown. The molecules in these interactions are involved in the TNF and cell signaling pathways (p < 0.05). The miRNAs and their
targets validated by qRT-PCR are highlighted in yellow. The genes that interact with miRNA targets are highlighted in red, and genes not identified in our study but
exhibited interactions with the identified genes are shown in white. Direct and indirect interactions are shown with solid and dashed lines, respectively. The up and
downregulation of miRNAs and genes are shown in blue and pink colored arrows indicating males and females, respectively.
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gene expression, signaling pathways of TP-53, TNF, and cell
cycle signaling nodes were identified; and 5) miRNA-mRNA
target and gene expression was significantly increased in KO
male mice compared to female mice. A subset of the significantly
changed targets, genes, and miRNAs was connected via the TNF
and cell cycle signaling pathways in response to infection and the
cell cycle signaling pathway alone in response to infection plus
SP-A2 (1A0) protein rescue.

The role of sex and sex hormones on lung immunity in both
humans and animals has been previously documented (71–81).
A number of animal models have shown differences in survival
after infection as a function of sex (13, 21, 32, 44, 59, 82) as well
as in disease susceptibility and severity (32, 44, 59, 83–87). In
humans, both prematurely born males vs. females exhibit higher
susceptibility to neonatal respiratory distress syndrome (RDS)
(73, 74), and adult males exhibit a higher susceptibility in
Idiopathic pulmonary fibrosis (IPF), and Chronic obstructive
pulmonary disease (COPD) (77, 88) and others, as well as in
different types of pneumonia (79, 80, 88, 89).

In the current study, we found significant differences in the
LAC miRNome, gene expression, and miRNA-mRNA target
gene expression in KO, in terms of sex, under the studied
conditions. An interesting and consistent observation was
made, as also observed in previous related studies (42, 55, 56).
The upregulation and downregulation of the majority of
miRNAs, miRNA-mRNA targets, and genes were largely
opposite in male and female mice, and the relevant discussion
below pertains primarily to male mice. The sex differences
observed are not surprising, as these have been observed before
with other mouse models (13, 21). However, the present study,
apart from contributing to a strong foundation that sex is an
important variable that cannot be ignored, is the first study
where the miRNome of infected mice was studied using mice
that were never exposed to SP-A until the time of
experimentation. In the published miRNome studies, the mice
were exposed to ozone (and not to infection as in the current
study) and were chronically exposed to SP-A. The available data
indicate that the sex variable is important regardless of the
exposure insult (i.e., ozone exposure, infection, others) and the
studied conditions (13, 21). Although the detailed mechanisms
for this sex-dependent regulation are not entirely clear, the
collective literature points to a need of taking sex into
consideration in study design and decisions that may impact
biological processes. Moreover, the significantly changed
molecules, whether miRNAs, miRNA-mRNA targets, or genes
alone, were found to be involved in various signaling pathways. A
subset of all three types of molecules whose expression was
studied (miRNAs, miRNA-mRNA targets, and genes) converged
in namely the TNF and cell cycle signaling pathways. We refer to
these two pathways as “integrated’ pathways.
Integrated Pathways
Cell Cycle Signaling in Response to Infection
The expression levels of both CCND1 and FOXO1 were
increased in KO male mice, and the significant miRNAs shown
to target these genes were for the most part downregulated
Frontiers in Immunology | www.frontiersin.org 1289
compared to female mice. In the current study, the miRNAs
that target CCND1, i.e., let-7a-5p, miR-16-5p, and miR-17-5p,
may play a role in its regulation (90–93). CCND1 contributes to
the regulation of G1-S phase transition, and the expression of
CCND1 is induced by various stimuli (94, 95). The increase of
CCND1 in KO male mice in response to infection may benefit
LAC growth and G1-S phase progression (95), and decreased
expression of CCND1 in female mice may contribute to the
inhibition of cellular proliferation by a mechanism yet to
be defined.

The expression level of FOXO1 as noted above was increased
in KOmale mice compared to female mice, and the miRNAs that
target FOXO1, miR-182-5p, and miR-378-3p (Table 1) were
significantly downregulated. FOXOs are transcription factors
and may serve as a negative feedback loop in the control of
cellular ROS homeostasis (96). FOXOs regulate different genes in
different cell types (97) and activate the stress resistance genes
and proapoptotic genes in response to different stimuli (97).
Thus, the upregulation of FOXO1 may be a mechanism to
alleviate stress-induced damage on LACs in KO male mice
compared to female mice in response to infection. Of interest,
previous studies (reviewed in Floros et al. (21)) have indicated
that AMs from KO mice (i.e., AMs not exposed to SP-A) may be
in a state of oxidative stress. Furthermore, a redox imaging study
of a comparison of the KO AM redox status with AMs from
humanized transgenic mice expressing a human SP-A transgene
showed the KO AMs to be more oxidized after in vivo exposure
of mice to ozone (46). It is possible that a similar mechanism is
involved in response to infection, and FOXO1 plays a protective
role in this. FOXO1, as did CCND1 (discussed above), was
detected only in the infection group and not in the infection plus
rescue. However, in the rescue group, one of the miRNAs
(miR378a-3p) (Table 1) that targets FOXOs was increased,
indicating that in KO LACs, additional/varied pathways may
contribute to the regulation of this gene family.

Cell Cycle Signaling in Response to Infection Plus
SP-A Protein Rescue
Even though this pathway was significant in both response to
infection and response to infection plus rescue, different cell
cycle molecules were significant in each. In the rescue group,
three miRNA-mRNA targets (MYC, E2F1, and PPARA) were
identified as targets for several miRNAs and potential regulators
of several genes involved in this pathway. MYC gets activated in
the G1 phase of cell growth and may serve, along with CCND1,
as a G1-S phase transition regulator. The expression of E2F1 is
induced by MYC (98, 99). The levels of both E2F1 and MYC
were increased in KO male mice in the presence of SP-A2 (1A0)
protein rescue at the time of infection, even though most (except
miR-378-3p, in KO male mice) of the miRNAs that target these
genes were decreased in both sexes.

TNF Signaling in Response to Infection
The “integrated” TNF pathway was identified only for the
infection group and not for the infection plus rescue. This
pathway in both male and female mice contained two target
genes, the TNF and PPARG. SP-A is shown to modulate TNF
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expression in AMs (28) and in a macrophage-like cell line (100)
via NF-kB activation/signaling (101, 102). In the latter, NF-kB
inhibitors were shown to inhibit the SP-A-dependent TNF
increase (101). In the absence of SP-A, TNF production was
reduced (103) and an altered NF-kB pathway may play a role in
SP-A-mediated TNF regulation after ozone exposure (103), a
condition shown to reduce significantly the activity of SP-A
(104). Whether infection in the absence of SP-A modulates TNF
expression via different or modified NF-kB-mediated pathways, as
shown previously under other conditions, is currently unknown.
Although two miRNAs were identified to target TNF, the fact that
their level was increased (miR-155-5p) and decreased (let-7a-5p)
provides at present little insight into potential miRNA-mediated
mechanisms without further experimentation.

However, upregulation of TNF may have an impact on NF-
kB signaling by enhancing its nuclear translocation, which is key
for NF-kB-mediated transcription of genes necessary to combat
infection. In KO male mice, the IKK complex that may be
activated indirectly by the TNF is increased at 6 h post-
infection with or without rescue (Figure 3). In unstimulated
cells, IKK molecules are associated with NF-kB to retain it in the
cytoplasm. A variety of stimuli that include bacterial products
could posttranslationally modify, via phosphorylation, the IKK
molecules (105). This in turn initiates their destruction, which is
key to freeing the NF-kB to enable its move to the nucleus in
order to modulate transcription of various genes that are
necessary to combat infection (105, 106). In addition,
phosphorylation of IKK triggers MAPK signaling pathways,
ERK1/2, JNK, and p38 (107). It would be of interest to
investigate whether TNF induces prosurvival NF-kB and
MAPK-dependent signaling in the studied infection models.

Furthermore, the peroxisome proliferator-activated receptors
(PPARs) are transcriptional factors and members of the nuclear
hormone receptor superfamily (108). One of its members,
PPARG, is upregulated in the integrated pathway, and the
miRNA (miR-34a-5p) that targets it is downregulated, pointing
to a potential miRNA-mediated regulation of this gene in KO
male mice. PPARs play a crucial role in anti-inflammatory
activities in AMs (109, 110), and PPARG ligands significantly
reduce cytokine production including TNF-a in human and
mouse AMs (111, 112). However, the exact mechanism involved
in the present model is yet to be determined.

In summary, the information from the integrated pathways
that connects the three molecules (miRNAs, miRNA-mRNA
targets, and genes) whose expression changed significantly shows
that the general cell cycle signaling is important in both groups of
study, although the actual molecules involved in each study
group differ. This indicates that the presence or absence of SP-
A is a key factor in the specificity of the overall process. The TNF
signaling, on the other hand, was present only in the infection
group. As noted above and reviewed elsewhere (21), the KO AM,
which is the predominant cell in LACs, may exhibit certain
deficits. Proteomics studies have shown that the proteomics
profile of AM KO differs from that of wild type at baseline
(113) and in response to infection (114). It is possible that the
TNF signaling is necessary, as it may enable the AM KO or other
cells in LACs to overcome potential inherent deficits.
Frontiers in Immunology | www.frontiersin.org 1390
Knockout Lung Alveolar Cell miRNome
After Infection or After Infection Plus
Rescue With SP-A
The cell cycle signaling and a pro-inflammatory pathway were
identified as being important in response to infection and infection
plus rescue when the miRNA-mRNA targets were analyzed by IPA.
Both of these pathways involved several of the molecules whose
expression changed significantly. The cell cycle was a ubiquitous
pathway, as it was significant in all comparisons made. The
overwhelming majority of changed miRNAs were downregulated
after infection and infection plus SP-A2 (1A0) protein rescue, and
these were predicted to target genes that play a role in cell cycle and
growthandproliferationpathways, suchasCCND1,CCND2,CDK7,
CDKN2A,E2F1,E2F2,E2F3, andMYC(Table1).For example,miR-
16-5pandmiR-17-5parepredicted tobindCCND1,CCND2,CDK7,
E2F1, E2F3, E2F3, and MYC mRNAs. Several studies have shown
that thesemiRNAsplaya role in the regulationof thesegenes (90–93).
In the present study, the mRNA levels of CCND1, CCND2, CDK7,
E2F1, E2F3, E2F3, and MYC were increased in male mice. As a
downregulated miRNA usually associates with a target gene
exhibiting increased expression, in male mice, it seems to be a
concordance between the downregulation and upregulation of
miRNAs and target genes, respectively, in response to infection and
infection plus SP-A2 (1A0) protein rescue. In female mice, however,
despite themiRNAdownregulation, therewasadecreasedexpression
of these genes. These indicate that different mechanisms may be
operative in the LAC miRNome in male and female mice, as also
observed in previous studies (53, 55, 56).

The pro-inflammatory responses weremediated via STAT-3 and
NF-kB. These pathways have been shown to be involved in
inflammatory processes and lung disease (115–120). The
expression of miR-17-5p, predicted to bind and regulate STAT-3,
was significantly decreased, and thiswas associatedwith an increased
expression of STAT-3 in male mice. Previously, we have shown that
STAT-3 levels were significantly increased after 4 h of post-oxidative
stress due to ozone exposure in male AMs frommice expressing the
human SP-A2 (1A0) transgene (53) or after 4 h following infection in
mice expressing the human SP-A (1A0) or both human SP-A
transgenes (55). Whereas after 18 h following infection, the STAT-
3 levels were also increased in femalemice (55, 56), indicating a time-
dependent and sex-specific regulation of STAT-3. Furthermore, in
male mice, the level of EGR2 that contributes, via STAT-3, to the
upregulation of pro-inflammatory cytokines was also upregulated
compared to female mice. These data indicate that the NF-kB and
STAT-3-mediated pathways are important in the pro-inflammatory
gene expression in KO male mice. However, in female mice, these
pathways may be compromised. Moreover, the role of the sex-
dependent miRNA-target genes in the regulation of the
inflammatory response to infection in the presence or absence of
SP-A warrants further investigation.

Lung Alveolar Cell Knockout Gene
Expression in Response to Infection or
Infection Plus SP-A Rescue
The cell cycle signaling node and the TP-53 node were found to
be important in the gene expression study of both groups,
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infection and infection plus rescue. The former has been
discussed above. The TP-53 node was unexpected, as this one
is shown to associate with lung cancer (121). SP-A1 (6A4) and
SP-A2 variants have been shown previously to associate with
lung carcinoma (122–124). Although SP-A may regulate the
tumor microenvironment via its ability to modulate cytokine
expression and the polarization of macrophages in lung cancer
(125), given the short time interval (6 h) in the present study
from infection to data analysis, the changes in the expression of
these various genes are likely due to bacterial infection. It is
unlikely that this could be due to any true carcinogenic
modulation, as this would require a considerably longer time
than the 6-h time point used here. Several of the identified genes
from the gene expression study had direct interaction with TP-53
in response to infection and infection plus SP-A2 (1A0) protein
rescue. In response to infection, in male mice, the TACC2,
BUB1B, ATP5MC3, and MYO1E, and in female mice, the
CAP1, MRPL2, COX5A, KLHL21, PDIA6, TSPO, and USP14
had direct interaction with TP-53 (Supplementary Figure 1). In
response to SP-A2 (1A0) protein rescue in male mice, the PGD,
NAB1, RPL10, CDC42, and PDCD6IP had direct interaction
with TP-53, whereas the NFAM1, PSMC1, and TP2B had
indirect interaction with TP-53 (Supplementary Figure 1). In
female mice, MDH2, NDUFS6, CSTB, LRRC17, TALDO1,
CTSD, PFN1, S100A4, FAM120A, HUWE1, MCAM, GLUL,
and UQCRQ had direct interaction with TP-53 (Supplementary
Figure 1). These indicate that regardless of the role of TP-53 in
infection, significant differences exist in the specific genes
involved and the number of genes that interact with TP-53 as
a function of sex, infection, and SP-A genotype that warrant
further investigation.
COMMENTS AND SUMMARY

A number of studies with similar mouse models exposed to different
insults have, previously, been carried out. In the grand scheme of
things, similar observations were made in terms of pathways
involved, albeit with some differences among the molecules
involved. In the previously published mouse models where the
miRNome and signaling pathways were studied, the mice were
exposed to ozone and these were chronically/constitutively exposed
to SP-A (53–56), whereas in the current study, the SP-A-KO mice
were never exposed to SP-A until experimentation where they were
acutely treated with SP-A at the time of infection. Interestingly,
regardless of the insult/exposure (i.e., infection or ozone exposure), a
number of similarities in the general response were observed. For
example, after infection or ozone exposure, miRNAs were largely
decreased inmale and female mice, although differences in the levels
of their target genes in terms of increases or decreases were observed
betweenmales and females. Even though LACs after infection in the
present SP-A rescue study consist of ~70%–75% AMs and LACs
after ozone exposure of humanized transgenic mice exposed
chronically to human SP-A1 and SP-A2 constist of ~95% AMs
(53, 55), following IPA, some of the signaling pathways were similar
for the miRNA-mRNA targets regardless of exposure conditions.
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Knowing the pathways and molecules involved in response to
infection after an acute treatment of SP-A-KOmice with SP-Amay
have clinical importance if SP-A is used as a therapy. One potential
example is the prematurely born infant who has low levels of SP-A,
and infection has been identified as a major complication in these
infants (126–128). Other conditions that may benefit from SP-A
therapy include RSV and asthma, where SP-A or specific
fragments/peptides of SP-A have already been used in preclinical
studies as a potential therapy (57, 58). The present study provides
insights that may be useful, as considerations for the therapeutic
value of SP-A may expand in the future.

In related mouse models (regardless of the type of insult) where
the miRNome and/or the gene expression profile of the AM or of
the LAC was studied, two of the signaling pathways that were
found to be significant in more than one study were rather
unexpected. One of these was TP-53, which is shown to
associate with lung cancer and is discussed in the previous
section. Another one was the cell cycle signaling pathway. This
pathway was ubiquitous, as this was not only significant in all
comparisons made in the current study but in previously
published studies of related mouse models (42, 55, 56). This
observation, although it is surprising and difficult to explain
because the AM (the predominant cell in LACs 6 h after
infection or after 4 h of ozone exposure), and macrophages, in
general, are not known to multiply. However, a rather recent
literature challenges this notion. In a recent review, Röszer (129)
discusses the self-renewal of macrophages at various tissue
locations. For AMs, in particular, local proliferation was noted
in mice and humans under certain conditions, and this capacity of
self-renewing was also demonstrated in vitro (129). A number of
mitogenic signals have been shown to play a role in macrophage
proliferation. These include macrophage colony-stimulating factor
(M-CSF) and granulocyte-macrophage (GM)-CSF (130) and IL-
1a (131). The latter in certain conditions modulates the
proliferation of a subset of AMs (131). Of interest, IL-1a levels
in BAL were shown to be increased after infection (132), and
during asthmatic inflammation, the AM pool at the early stages of
the process depends on local proliferation (133). Furthermore,
because the cell cycle pathway has been observed not only after
infection (present study) where AMs are ~70%–75% of the LAC
but also after 4 h of ozone exposure where AMs are ~95% of the
LAC (53, 55), it is likely that this pathway occurs in AMs rather
than other LACs that may constitute a fairly small portion of the
LACs. Although it is currently unknown whether infection under
the studied conditions can cause local AM proliferation, this
possibility, however, cannot be excluded at this point, as the
present data provide a general support that this may occur. This
is an interesting possibility and warrants further investigation.

The novelty of the present study is to the best of our
knowledge that this is the first such study where the SP-A-KO
mice were rescued with/exposed to SP-A at the time of infection
and the LACmiRNome was studied. The similarity of molecules/
pathways observed in response to SP-A among various studies,
whether acute or chronic exposure (as discussed above), points
to an important role of SP-A in LACs under various conditions.
However, studying, as done here, LACs as a whole instead of a
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given cell type is a limitation, and in future studies, investigation
of individual types of cells and the use of other methods is
needed. For example, studying alveolar cells after cell sorting will
better determine which miRNAs/pathways are attributed to AMs
and which ones are attributed to other cells in BAL under the
studied conditions.

In summary, the present study showed that 1) sex differences
exist in all analyses performed; 2) the cell cycle pathway is
significant in all study groups, although miRNAs and molecules
involved in the cell cycle may differ under the different studied
conditions; 3) pro-inflammatory pathways play an important role,
and these may be more pronounced in the absence of SP-A; and 4)
the gene expression profile identified the TP-53 and the cell cycle
nodes as significant pathways. These unexpected findings are of
particular interest and warrant further study. These together
provide the foundation for future mechanistic studies where the
details of SP-A-mediated pathways after bacterial infection could
be investigated in a pure LAC population after employing cell
sorting purification techniques (134).
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Supplementary File 1 | LAC KO miRNAs of both sexes at 6h after infection and
after infection plus SP-A2 (1A0) protein rescue.

Supplementary File 2 | LAC KO gene expression of both sexes at 6h after
infection and after infection plus SP-A2 (1A0) protein rescue.

Supplementary Figure 1 | Biological networks for the cell cycle and TP-53
signaling pathways of genes with ≥ 2-fold expression levels in both sexes are shown
for the KO at 6 h after infection with or without SP-A2 (1A0) protein rescue. Direct
and indirect gene interactions are marked with solid and dashed lines, respectively.
Networks on the left and right sides of the figure show pathways for male and
female mice, respectively. Each gene or group of genes is represented as a node.
The different shapes depict different functional classes as follows: Square and
concentric (double) circles denote cytokines and complex/groups, respectively.
Diamonds denote peptidases and enzymes; Ovals denote transmembrane
receptors and transcription regulators; Triangle kinases and phosphatases;
Rectangles ion channels, Gprotein coupled receptors, and ligand-dependent
nuclear receptors; and Trapezoids microRNAs and transporters.
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PRKAR1A protein kinase CAMP-dependent Type I regulatory subunit alpha
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Surfactant protein D (SP-D), a pattern recognition molecule, is emerging as a potent anti-
tumoural innate immune defense molecule in a range of cancers. Previously, SP-D
expression was found to be significantly downregulated at the malignant sites of
human prostate adenocarcinoma and associated with an increasing Gleason score and
severity. We recently reported selective induction of intrinsic apoptosis by a recombinant
fragment of human SP-D (rfhSP-D) in the human Prostate cancer (PCa) biopsy explants
and cells with glucose regulated protein of 78 (GRP78) as one of the key interacting
partners. The present study evaluated the expression of SP-D in early and advanced
stages of PCa using transgenic adenocarcinoma of mouse prostate (TRAMP) model. Both
early and late stages of PCa showed significantly decreased SP-D mRNA expression and
increased proteolytic degradation of SP-D protein. Systemic and tumoural
immunophenotyping of TRAMP model revealed increased serine proteases producing
granulocytes and polymorphonuclear myeloid-derived suppressor cells (PMN MDSCs) in
the late stage; the serine proteases secreted by these cells could be involved in the
degradation of SP-D. Susceptibility of rfhSP-D to elastase-mediated proteolysis provided
the rationale to use an elastase-inhibitor to sustain intact rfhSP-D in the tumour
microenvironment. The study revealed an immunomodulatory potential of rfhSP-D and
elastase inhibitor, sivelestat, to induce macrophage polarization towards M1 with
downregulation of PMN MDSCs in ex-vivo cultured TRAMP tumours. Furthermore,
rfhSP-D induced immunogenic cell death in murine PCa cells and in TRAMP explants.
The findings highlight that SP-D plays an anti-tumourigenic role in PCa by inducing
immunogenic cell death and immunomodulation while the prostate tumour milieu
adversely impacts SP-D by inhibiting its transcription, and enhancing its proteolytic
degradation. Transformation of an immunologically “cold tumour” into a “hot tumour”
implicates therapeutic potential of rfhSP-D in PCa.

Keywords: prostate cancer, SP-D, TRAMP model, immunomodulaion, innate immunity, immunogenic cell death
(ICD), collectin
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INTRODUCTION

Prostate cancer (PCa) is one of the deadliest cancer in men with
second highest incidence rate globally (1). Although its incidence
in Asia is much lower as compared to the U.S.A. and the Europe,
the cancer statistics of China demonstrates a stably increasing
trend of the incidence and mortality due to PCa (2). The
conventional anti-cancer treatments, mainly androgen-
deprivation therapy (ADT), are efficacious by providing a high
rate of progression-free survival. However, 30–50% of patients
experience recurrence and eventually progress to metastatic
castration-resistant prostate cancer (mCRPC) (3). Tumour
antigen-specific adaptive immunotherapies have improved
clinical outcomes and revolutionized the treatment paradigm
in many hematological and solid malignancies (4–6). These
approaches, however, have been largely unsuccessful for
mCRPC, owing to the “cold tumour” microenvironment which
is characterized by immunosuppression, low tumour mutation
burden (TMB), low immunogenicity, minimal T-cell infiltration,
and downregulated MHC-I molecules (3–5, 7). Lack of pre-
requisites for successful prostate cancer-specific adaptive
immune therapy has given rise to a sub-category of poor
responders (6). This necessitates consideration of tumour
antigen-independent, innate immune responses mediated by
pattern recognition receptors (PRRs) as an alternative or
complementary means to target cancer cells.

Surfactant protein D (SP-D), a soluble pattern recognition
receptor (PRR) belonging to carbohydrate-binding lectins or C-
type lectin receptors (CLRs) family, plays a key role in host
defence. They serve as an innate immune molecule in the control
of inflammation, infection, allergy, and cancer (8, 9). Structurally
it is composed of an N-terminal cysteine-rich domain, a triple-
helical collagen domain consisting of Gly-X-Y repeating triplets,
an a-helical coiled coil neck region, and C-terminal
carbohydrate recognition domain (CRD) or C-type lectin
domain (10). Depending on its structural oligomerization and
interaction with cell surface receptors, SP-D performs a dual
immune surveillance role by triggering either pro-inflammatory
or anti-inflammatory signaling (11, 12). Though it was initially
considered as a lung collectin due to its association with
pulmonary surfactant, the immunological roles of SP-D at
extrapulmonary and mucosal sites are now well established
(10, 13). In rat prostate, upregulation of SP-D in response to
Escherichia coli infection as well as the presence of SP-D in
human prostate and prostatic secretions suggested that SP-D
could be involved in prostate immunity (14). Kankavi et al. first
reported decreased expression of SP-D and SP-A proteins at the
malignant site of human prostate adenocarcinoma compared to
non-malignant areas in the same tissue sections (15). The
potential of SP-D acting as an immunosurveillance molecule in
PCa was subsequently demonstrated by our group with the use of
a recombinant fragment of human SP-D (rfhSP-D) comprising 8
Gly-X-Y repeats trimeric neck and CRD that selectively induced
intrinsic apoptosis in human prostate biopsy explants as well as
in human prostate cancer cells including androgen-responsive
LNCaP and androgen-resistant PC3 (16). In-silico and in-vitro
analyses of the membrane interactome of rfhSP-D in PC3 cell
Frontiers in Immunology | www.frontiersin.org 299
line revealed that rfhSP-D bound glucose regulated protein of 78
kDa (GRP78) through its CRD region and interfered with the
pro-survival signaling (17). rfhSP-D has also been shown to
differentially induce TNF-a and Fas-mediated pro-apoptotic
signaling pathway and activate caspase cascade, and thus,
induce apoptosis in pancreatic ductal adenocarcinoma (PDAC)
cell lines such as Panc-1 Capan-2, andMiaPaCa-2 as well as in an
ovarian cancer cell line SKOV3 (18, 19). rfhSP-D also inhibited
epithelial-to-mesenchymal transition (EMT) by inhibiting
transforming growth factor-b (TGF-b) pathway and
downregulating mesenchymal specific markers, such as zinc
finger E-box binding homeobox 1 (Zeb1), Snail, and Vimentin
in PDAC cell lines such as Panc-1, and MiaPaCa-2 (20). SP-D
has also been shown to interrupt epidermal growth factor (EGF)
signaling by blocking the EGF–EGFR interaction in human lung
adenocarcinoma A549 cell line (21). Proteomics analysis of
rfhSP-D-treated eosinophilic cell line, AML14.3D10 line
resulted in oxidative stress-mediated apoptotic signaling with
downregulation of HMGA1, a pro-survival factor (22).

With established potent anti-cancer activity of rfhSP-D at the
cellular level mediated through several molecular mechanisms, it
is important to explore therapeutic implication of rfhSP-D in the
murine models of PCa. In context to this, it has been observed
that several serine proteases, mainly neutrophil elastase (NE), are
known to cleave SP-D at the CRD and give rise to stable non-
functional degraded fragment of ~35kDa (23, 24). Thus, it is of
great interest to analyze the susceptibility of SP-D to proteolysis
in NE-rich PCa microenvironment.

In this study, using a transgenic adenocarcinoma mouse
prostate (TRAMP) model that is a spontaneous PCa model
closely resembling the development and stages of human PCa,
we evaluated the expression of SP-D in early and advanced stage of
tumour progression. A stage-dependent downregulated
expression of SP-D in tumour was observed possibly due to
increased proteolysis of the protein. In addition, susceptibility of
rfhSP-D to elastase, a serine protease, highlighted the importance
of a new therapeutic strategy that maintained the stability of
rfhSP-D in elastase-rich PCa tumoural microenvironment (TME).
Furthermore, immunosuppressive TME can be altered with the
exogenous treatment of rfhSP-D combined with elastase inhibitor
in the ex vivo cultured TRAMP tumours. For the first time, we
show that, rfhSP-D can induce immunogenic cell death (ICD) in
murine PCa cells and in TRAMP explants. Together, our results
provide a rationale for exploiting the therapeutic potential of
rfhSP-D to treat immunologically unresponsive tumours.
MATERIALS AND METHODS

Transgenic Adenocarcinoma of Mouse
Prostate (TRAMP) Model
All animal experiments were approved by the Institutional
Animal Ethics Committee (IAEC No. 09/18). Mice
representing Transgenic Adenocarcinoma of Mouse Prostate
(TRAMP) were purchased from the Jackson Laboratory
(C57BL/6-Tg (TRAMP)8247Ng/J); the model closely resembles
the pattern of disease progression and stages of human PCa.
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Mice hemizygous to the transgene, where prostate-specific rat
probasin promoter is used to drive expression of the Simian
Virus 40 large tumour T antigen, spontaneously develop
progressive forms of PCa from pre-cancerous prostatic
intraepithelial neoplasia (PIN), well-differentiated carcinoma
(WD), poorly differentiated adenocarcinoma (PD) of the
prostate gland, and finally metastasis (25). Hemizygous
TRAMP mice were maintained in C57BL/6 background as the
stock colony, whereas TRAMPmice were bred to non-transgenic
normal FVB/NJ mice to obtain non-transgenic and hemizygous
transgenic [C57BL/6 TRAMP x FVB/NJ] F1 male progenies that
were used for the experiments. Prior to the start of the
experiments, mice were allowed to acclimatize for one week.
During the course of the experiment, mice were monitored
weekly for general health, food consumption, and body weight.
Mice were kept under controlled temperature, and humidity
condition with 12-hour light: 12-hour dark cycle and were fed
ad libitum.

Genotyping of TRAMP Mice
TRAMP mice were genotyped for confirmation as reported (26).
Briefly, tail DNA was isolated using RED Extract-N-Amp Tissue
PCR Kit (Sigma, USA). The primers recommended by the
Jackson Laboratory protocol for Tg (TRAMP) 8247Ng stock
mice, specific for rat probasin gene (Transgene; Tg), and as
internal positive control (IPC) primers specific for beta-actin
gene, were used for PCR. The PCR end products were run on a
2% agarose (GeNei, India) gel to confirm the presence or absence
of the transgene.

RNA Isolation and Quantitative Reverse
Transcription PCR (RT-qPCR) Analysis
Total RNA was isolated from prostate tumour or control dorsal
lobe prostate using the TRIzol reagent (Ambion by Life
technologies, USA) and quantified in multimode plate reader
(BioTek Synergy H1, USA). 1 mg RNA was reverse transcribed
using Superscript III first-strand synthesis kit (Invitrogen, USA).
RT-qPCR was performed using Bio-Rad CFX 96™ Thermal
Cycler machine (Bio-Rad, USA) with 1.25 ml of the first-strand
cDNA for each 25 ml real time PCR reaction using SYBR green
(BioRad, USA) and forward and reverse primers. The semi-
quantitation of the relative target mRNA was carried out using
the ΔΔCT comparative method after normalizing with GAPDH
abundance in the same sample. The specificity of each amplified
product was validated by analysing their melt curve and by
visualizing the band size of the amplified products on a 2% (w/v)
Frontiers in Immunology | www.frontiersin.org 3100
agarose gel. The assay was performed in triplicates and the mean
value was taken for further calculations. The primers were
designed from NCBI Primer BLAST Software. Primer pair
sequences, amplicon sizes, and their annealing temperatures
are listed in Table 1.

Immunohistochemistry (IHC) Analysis
Formalin-fixed prostate tumours of TRAMP mice or dorsal lobe
of control prostate tissues were paraffin-embedded, sectioned,
and mounted on poly-L-lysine coated slides. 5 mm sections were
deparaffinized in xylene and gradually rehydrated in a methanol
gradient of 100%, 90%, 70%, 50%, 30%, and distilled water, each
for 5 min. Blocking of endogenous peroxidase activity was done
by immersing the rehydrated sections in a 3% hydrogen peroxide
solution for 30 minutes. To improve antigen retrieval, the slides
were boiled in sodium citrate buffer (pH 6.0) in a microwave.
After the slides cooled down, they were washed with PBS, and
any non-specific binding was blocked with 5% BSA in Tris buffer
saline with Tween 20 (TBS-T) for an hour at room temperature
(RT). The slides were incubated with a rabbit polyclonal primary
antibody against mouse SP-D (Ab203309, Abcam, UK, 1:50
dilution in PBS) overnight at 4◦C in a humidified chamber.
For negative control, tissue sections were treated with the
antibody diluent, PBS alone, without primary antibody. Next
day, slides were washed in PBS, incubated with horseradish
peroxidase (HRP)-conjugated polyclonal goat anti-rabbit IgG
(ab205718, Abcam, 1:15000 dilution in PBS) at RT for an hour.
Visualization was done using diaminobenzidine (DAB) (Sigma,
USA) incubation for 10 min. Next, the nuclei were
counterstained with Mayer’s haematoxylin (SRL, India),
followed by dehydration and mounting using DPX (SRL,
India). Images were taken with Leica AS LMD microsystem at
40× magnification. The immunostaining was quantified using
the open-source plugin, IHC profiler compatible with the open
resource digital image analysis software, ImageJ, followed by
calculation of the H score as previously described (27). For each
tissue section, a minimum of three to four areas were scanned
and the average H score was calculated and plotted as the mean
± SEM.

Total Protein Isolation and
Immunoblot Analysis
TRAMP prostate tumour tissue or dorsal lobe of the prostate
from control mice (~100 mg) were minced and homogenized in
RIPA lysis buffer (Millipore Sigma, USA) with protease inhibitor
cocktail (Thermo Fisher Scientific, USA). The homogenate was
TABLE 1 | Details of murine primers.

Target Forward primer (5’ ! 3’) Reverse primer (3’ ! 5’) Amplicon size (bp)

Transgene TACAACTGCCAACTGGGATG CAGGCACTCCTTTCAAGACC 264
Internal Positive Control (b-actin) CTGTCCCTGTATGCCTCTGG AGATGGAGAAAGGACTAGGCTACA 415
SP-D GCAGGACATGCTGCCCTTTCT ACCCTTCTCACCCCGTGGACC 196
SP-A ACCTGGATGAGGAGCTTCAGACTC TGCTTGCGATGGCCTCGTTCT 225
MBL-A1 ACCAGGTCAAGGGCTCAGGGG TGCCAGCTTCTCCTCAATGGCTC 141
GAPDH CTGAGCAAGAGAGGCCCTATCC CTCCCTAGGCCCCTCCTGTT 101
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incubated for 30 min on ice followed by centrifugation at
14,000× g for 30 min at 4◦C. The supernatant was collected
and the total protein content was determined by BCA Protein
Assay (Thermo Fisher Scientific, USA). 30 mg of protein was
loaded in each lane and resolved on 12% v/v SDS-PAGE under
reducing conditions. The resolved proteins were transferred onto
an activated polyvinylidene fluoride (PVDF) membrane (Pall
Corporation, USA), then blocked with 5% BSA in TBS
containing 0.1% (v/v) Tween-20 (GeNei, India) (TBS-T) for 1h
at RT. The membrane was probed overnight at 4°C with a rabbit
polyclonal primary antibody raised against mouse SP-D
(ab203309, Abcam, USA, 1:500 dilution in PBS) and a rabbit
monoclonal antibody against mouse GAPDH (2118S, Cell
signalling Technology, 1:1000 dilution in PBS) as the reference
control. Next day, the blots were washed in TBS-T and probed
with HRP-conjugated polyclonal goat anti-rabbit IgG (ab205718;
Abcam, 1:15000 dilution in PBS) for 1 h at RT. Finally, the
protein bands were detected with ECL Western Blotting
Substrate (Thermo Fisher Scientific, USA). Quantitative
densitometric analysis of the protein bands corresponding to
intact SP-D and cleaved SP-D was conducted using ImageJ
software and the band intensity was normalized using
corresponding GAPDH as the loading control . The
quantitative data were presented as mean ± SEM.

Immunophenotyping by Flow Cytometry
For phenotypic characterization of circulatory and prostate-
resident immune cells, mice were euthanized, prostate tissue and
whole blood (collected by trans-cardiac bleeding into K2EDTA
tubes to prevent clot formation) were collected, and stained with
nine-colour combinations of fluorescently labelled monoclonal
antibodies. Single cell suspensions were prepared as reported
previously (28). Briefly, prostate tumour tissues from TRAMP
or control prostate were harvested, washed with ice-cold PBS,
enzymatically digested with collagenase IV (Gibco, USA) at 37°C
for 2 h, and centrifuged at 400 x g for 5 min. The samples were
treated with warm 0.05% trypsin-EDTA and 500U DNase I
(Sigma, USA). The enzyme digested suspensions were passed
through a 70-mm cell strainer (Corning, USA), centrifuged for 5
min, and re-suspended in FACS staining buffer [phosphate-
buffered saline (PBS) with 0.2% foetal bovine serum (FBS)].
Dissociated cells were then collected, washed, counted, and
distributed in tubes (106 cells/ml) for multicolour flow
cytometry. The fresh EDTA-collected blood cells and single-cell
Frontiers in Immunology | www.frontiersin.org 4101
suspensions (200 ml) were incubated with fluorescently labelled
monoclonal antibodies for 20 min at RT. In the blood samples,
RBCs were lysed using BD Pharm lyse (BD Biosciences) and
washed twice with staining buffer (PBS with 0.2% FBS). Antibodies
utilized for flow cytometry are listed in Table 2; antibodies were
individually titrated to determine optimal staining dilutions. Data
acquisition was performed on BD ACCURI C6 flow cytometer
(BD Biosciences) where at least 50,000 events gated on the
CD45+leukocyte population were acquired. Anti-rat Ig, k/
Negative Control compensation beads (BD Biosciences) were
used to set compensation parameters. Fluorescence minus one
(FMO) and unstained controls were used to identify and gate cells.
Data analysis was carried out using FlowJo v10.8.1(Tree Star Inc.,
Oregon, USA). A representative flow cytometry gating strategy is
displayed in Figure S1 with initial gating on overall morphology,
singlets, live cells, and CD45 positivity before proceeding with
further analyses.

Production of rfhSP-D
The homotrimeric recombinant fragment of human SP-D (rfhSP-
D), comprising 8 N-terminal Gly-X-Y triplets of the collagen
region, a-helical coiled-coil neck region, and a C-terminal CRD,
was expressed in Escherichia coli, purified and, characterized, as
described previously (29). Endotoxin level in the rfhSP-D
preparation was determined using the QCL-1000 Limulus
amoebocyte lysate system (BioWhittaker Inc., USA). The
amount of endotoxin in rfhSP-D preparations was found to be
<4 pg/µg of rfhSP-D.

Cell Culture
TRAMP-C2 cells were purchased from the American Type
Culture Collection (ATCC) and grown in high glucose
Dulbecco’s Modified Eagle Medium (DMEM) media (Gibco,
USA) supplemented with 10 nm trans-dehydroandrosterone
(D4000, Sigma, China), 0.005 mg/ml bovine insulin (Sigma,
USA), 5% FBS (Gibo, USA), and 5% Serose (Himedia, India)
at 37°C in a humidified chamber containing 5% CO2.

MTT Assay
5 × 103 TRAMP-C2 (passage no. 7-9) cells were plated and
grown overnight in 96-well culture plates. Post-starving the cells
in serum-free media for 18 h, they were treated with rfhSP-D
(20µg/ml) for 24, 48, and 72 h. Cells with only culture medium
served as the media control and cells treated with PBS served as
TABLE 2 | List of antibodies used for immunophenotyping.

Antigen (mouse) Label Clone Vendor Catalog #

CD45 Brilliant Violet 605 30-F11 BioLegend 103140
CD11c APC-eFluor 780 N418 Invitrogen 47-0114-82
CD206 Brilliant Violet 785 C068C2 BioLegend 141729
F4/80 PE/Cy7 BM8 BioLegend 123114
MHC Class II eFluor 450 M5/114.15.2 Invitrogen 48-5321-82
Ly-6C PE HK1.4 Invitrogen 12-5932-82
CD11b Alexa Fluor 488 M1/70 BioLegend 101217
Ly-6G Alexa Fluor 647 1A8 BioLegend 127610
7-AAD – – BioLegend 420403
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the vehicle control. After incubation, 10µl MTT [3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide], from
5 mg/ml stock solution, was added to each well and incubated at
37◦C overnight. Next day, after removing the MTT solution,
acidified isopropanol was added to dissolve the formazan crystals
and absorbance was read at 570 nm in BioTek Synergy H1
(Winooski, VT, USA).

Immunogenic Cell Death (ICD) Assay
5 × 103 TRAMP-C2 cells were grown on coverslips overnight.
Cells were incubated with rfhSP-D (20 µg/ml) or PBS (vehicle
control) in a serum-free DMEM medium. After 24h treatment,
the medium was removed, and cells were washed, fixed in
paraformaldehyde (4% in PBS) at RT for 15 min. For
intracellular high mobility group protein B1 (HMGB1)
immunofluorescence, cells were permeabilized using 0.25%
Triton X-100 (Sigma, USA), blocked with 5% BSA in PBST for
1h at 37° followed by overnight incubation with rabbit antibody
against HMGB1 (3935S, Cell signalling Technology, 1:100
dilution) at 4°C in a humified chamber. Next day, the cells
were washed and probed with Alexa Fluor 488- tagged goat anti-
rabbit IgG (A11034, Invitrogen, USA, 1:400 dilution) for 1h at
RT followed by staining with DAPI, and were mounted on the
slides. For negative controls, only secondary antibodies were
used. The fluorescence signals were observed and captured under
the confocal microscope (Carl Zeiss, Germany).

Cell-surface expression of calreticulin (CRT) was evaluated
with the surface-staining protocol of flow cytometry using rabbit
monoclonal antibody against mouse CRT (12238S, Cell
signalling Technology, 1:400 dilution in PBS) for 40 min
followed by Alexa Fluor 488-tagged goat anti-rabbit IgG
(A11034, Invitrogen, USA, 1:400 dilution in PBS) for 1h at RT.
Similarly, intracellular CRT was evaluated by flow cytometry
with staining of permeabilized cells.

To evaluate the extracellular release of HMGB1 and CRT
from ex-vivo cultured TRAMP tumours, the culture supernatant
was collected, and approx 40ml of culture supernatant was
resolved on the SDS-PAGE under reducing conditions.
Western blotting was performed using the above-mentioned
HMGB1 and CRT antibodies (1:1000 dilution in PBS).
Coomassie blue staining was used for assessing the protein
load. Quantitative densitometric analysis was carried out as
described above using total protein for normalization.

Elastase-Mediated Degradation Assay
This experiment was carried out as per the previously reported
protocol with some modifications (24). Briefly, 2mg rfhSP-D was
incubated with 2.5mg porcine pancreas elastase (E7885, Sigma,
USA) or 2.5 mg heat-inactivated elastase (HI elastase) for 30
minutes at 37 ° water bath. For heat inactivation, elastase was
heated at 95° for 30 minutes before it was added to rfhSP-D. For
inhibition of elastase activity, 5mM phenylmethylsulfonylfluoride
(PMSF, Roche, Germany) was used. In addition, 2mg rfhSP-D was
incubated with 2.5mg elastase in the presence or absence of 10mM
CaCl2 and LPS (10mg/ml). Reactions were stopped by heating the
protein sample with Laemmli buffer at 95° for 10 min. The
samples were resolved on 15% SDS-PAGE under reducing
Frontiers in Immunology | www.frontiersin.org 5102
conditions and the gels were Coomassie blue stained or
silver stained.

Short-Term Ex Vivo Culture of
TRAMP Biopsies
Late TRAMP biopsies were cultured as previously described (30).
Briefly, fresh tumour tissues were washed in Hanks’ Balanced
Salt Solution (HBSS) (Gibco, USA), and then cut into ~1mm
pieces. Tumour sections were transferred to a 24-well plate and
soaked in DMEM high glucose medium (Gibco, USA) 2% with
PenStrep (Sigma, USA). TRAMP tumour biopsies were divided
into 4 groups: vehicle control (PBS), rfhSP-D treated (40 mg/ml),
sivelestat treated (S7198, Sigma, China) (4mmol), and rfhSP-D
and sivelestat treated. Biopsies were cultured for 72 hour in a
culture medium at 37°C with 5% CO2. After treatment, biopsies
were dissociated in a single cell suspension for flow cytometry.
The culture supernatants were collected to evaluate the
expression of HMGB1 and calreticulin via western blot.

Statistical Analysis
GraphPad Prism Software version 9.00 was used for Statistical
analyses. The number of technical replicates, biological replicates,
and independent experiments performed are listed in the figure
legends. Unpaired two-tailed Student’s t-test, one-way Analysis of
Variance (ANOVA) with post-hoc Tukey, and two-way ANOVA
with post-hoc Dunnett’s test were utilized as appropriate. Data are
presented as mean ± standard error of the mean (S.E.M.). For all
analyses, results were considered statistically significant with *P <
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
RESULTS

Differential Expression of Surfactant
Protein-D (SP-D) in PIN and PD
Using the TRAMPmice, which is an autochthonous, spontaneous,
heterogeneous, and progressive, clinically relevant animal model
for prostate cancer, we determined the expression of different
collectin molecules throughout the tumour progression. TRAMP
mice closely recapitulate the key features of human prostate cancer
with respect to progression, androgen independence, and
biochemical characteristics. Based on the previous reports, about
80% of C57BL/6 TRAMP mice develop prostatic intraepithelial
neoplasia (PIN) by 8 weeks and more than 70% of the dorsal and
lateral lobe of the prostate showed the predominant pathology of
PIN at this age. The tumour progresses into poorly-differentiated
adenocarcinoma (PD) by 24-28 weeks (31). Based on these
characteristics of disease progression in TRAMP x FVB F1, the
preclinical study was designed (Figure 1). TRAMP x FVB F1 mice
were genotyped and grouped into non-transgenic control (lacking
rat probasin gene) and transgenic TRAMP (containing rat
probasin gene) (Figure 1A). Transgenic mice were further
grouped based on their ages which reflected different stages of
prostate cancer. In the first group, TRAMPmales were euthanized
at about 8-12 weeks (or, 2-3 months) of age to represent PIN stage,
referred as ‘early TRAMP’ and tissues were collected for further
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analysis. The second group of transgenic males were allowed to
mature and develop advanced tumours i.e. to the poorly
differentiated adenocarcinoma (PD) stage, and euthanized at
about 24–28 weeks (or, 6-7 months) of age, referred as ‘late
TRAMP’ (Figure 1B). Age-matched non-transgenic littermates
were used as controls, referred as ‘2M control’ and ‘6M control’.
Haematoxylin and Eosin (H&E) staining of the dorsal prostate
lobe were carried out for confirming the histological
features (Figure 1C).

In order to evaluate the expression of collectins in prostate
tumour pathogenesis, we determined the mRNA levels of
Surfactant protein-D (SP-D), Surfactant protein-A (SP-A) and
Mannan-binding lectin-A (MBL-A) in the prostate of TRAMP
mice during early and late stage of tumour, compared to the age-
matched non-transgenic littermates (2M control and 6M
control). The mRNA expression revealed significantly reduced
expression of SP-D transcript ~14.87-fold in the early TRAMP
and ~2.7-fold in late TRAMP when compared with control mice
(Figure 2A). Since extrahepatic MBL-A expression has been
reported in the murine testis (32) and human prostate (33),
prostatic production of MBL-A transcript in TRAMP was
Frontiers in Immunology | www.frontiersin.org 6103
compared with controls. MBL mRNA was not detectable in the
prostate of control and TRAMP mice (Figure S2). Since the
presence of SP-A mRNA in the human prostate has also been
reported, the expression of SP-A transcript was evaluated in the
murine prostate. Similar to MBL-A, SP-A expression was
undetectable probably due to its lower expression in control
and TRAMP prostate (Figure S2). None of the tested control or
TRAMP mice prostate tissues had cycle threshold values <40 for
SP-A mRNA.

Next, the localization of SP-D protein in prostate of early and
late TRAMP was evaluated via immunohistochemistry. SP-D
immunostaining was uniformly intracytoplasmic in TRAMP and
control tissue sections. Positive immunoreactivity for SP-D was
observed in the basal cell layer surrounding the acini and in the
stroma of dorsal prostate of the control mice (Figure 2B). The
expression pattern was completely altered in the poorly
differentiated late TRAMP. Compared to the controls, a
relatively strong homogenous staining for SP-D was detected
in both early and late TRAMP mice. Densitometric analysis
revealed ~1.66-fold higher SP-D immunostaining in the late
TRAMP mice (Figure 2C).
B

C

A

FIGURE 1 | (A) Genotyping of TRAMP mice. PCR amplified products of murine tail DNA using rat probasin gene (Transgene; Tg)-specific primers and internal
positive control (IPC) primers were run on the agarose gel to confirm the presence Tg in transgenic mice (Lane No. 7-18) whereas non-transgenic mice show no
Tg-specific amplification at 264 base pairs (bp) (Lane No. 3-6), Lane 2 represents non template control (NTC). (B) A brief study design for sample collection.
(C) Histology. Histological photomicrographs of normal dorsal prostate and TRAMP dorsal prostate depicting different lesions at different stages of the tumour
development. (i) Normal (Control) prostate lobe with columnar epithelial lining surrounding the lumen and presence of dense stroma, (ii) Low-grade intraepithelial
neoplasia (LGPIN): represents stratification of epithelial cells (*), (iii) High-grade intraepithelial neoplasia (HGPIN): represents epithelial stratification in papillary and
cribriform pattern in lumen (#), (iv) Well-differentiated adenocarcinoma (WD) represents migration of epithelial cells towards smooth muscle lining of stroma (arrow),
(v) Poorly differentiated adenocarcinoma (PD) represents lack of glandular architecture (triangle). L, lumen; Ep, epithelium; St, stroma. Sections stained with
hematoxylin–eosin. scale =100 µm.
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Increased Proteolytic Degradation of SP-D
in TRAMP Prostate Tumour
Pericellular proteases are reported as the key initiators of major
proteolytic cascades involved in prostate tumour progression (34).
Activated serine proteases are up-regulated during prostate tumour
progression that can cleave SP-D to a non-functional form (23, 24,
35). Hence, it was important to evaluate if the levels of intact SP-D
were altered in prostate tumour tissues due to increased proteolysis.
Western blot analysis revealed less amount of the intactmonomeric
43 kDa (~6.5-fold, p<0.0001) and differentially glycosylated 50 kDa
forms of the SP-D protein in the late TRAMP when compared to
control mice (Figures 3B, D). The 43 kDa form of intact SP-D
protein was not significantly altered in the early TRAMP
(Figures 3A, C). In addition, we observed a higher amount (~2.3-
fold) of cleaved SP-D fragments ofmolecular weights ranging from
~35kDa to 33kDa in late TRAMP when compared to control mice
(Figure 3E). Furthermore, early TRAMP prostate showed non-
significant alteration in the cleaved SP-D fragments when
compared to controls (Figure 3E). Also, there was a significant
increase in the cleaved SP-D from early to advanced stage of
tumour, suggesting a stage-dependent degradation of SP-D
(Figure 3E). Similar to the IHC data, the total SP-D proteins
(cleaved+intact) were significantly higher in the late TRAMP
(~1.95 fold) whereas early TRAMP did not show any significant
association (Figure 3F). Ratio of intact and cleaved SP-Dwas found
to be significantly downregulated in late TRAMP (Figure 3G),
suggesting increased proteolysis of SP-D protein.

Susceptibility of rfhSP-D to Elastase-
Mediated Degradation
In view of the promising therapeutic potential of rfhSP-D in
prostate cancer, it was important to know its stability in the TME.
Frontiers in Immunology | www.frontiersin.org 7104
As previously reported, neutrophil elastase is one of the key serine
proteases actively involved in PCa progression and is also known to
cleave SP-D. Incubation of 2mg rfhSP-D with 2.5mg elastase for 30
mins at 37°C resulted in complete degradation of rfhSP-D
(Figure 4A, Lane 4). With complete heat inactivation of the
elastase at 95° for 30min, most of the rfhSP-D protein was intact
with minimal degradation (Figure 4A, Lane 5). The proteolytic
degradation products of rfhSP-D are visible below 10kDa marker
(Figure 4A, Lane 4-6). In addition, the serine protease inhibitor
PMSF (5mM), when incubated simultaneously with elastase and
rfhSP-D, partially inhibited rfhSP-D degradation (Figure 4A, Lane
6). Further, addition of calcium chloride (CaCl2, 10mM) also
partially inhibited elastase activity (Figure 4B, Lane 4). LPS did
not show any effect on this degradation (Figure 4B, Lane 5). Thus, a
specific inhibitor for elastase-mediated proteolytic activity could
potentiate the impact of rfhSP-D in TME.

Circulatory and Tumour-Derived Innate
Immune Landscape Revealed Increased
Elastase-Producing Immune
Suppressive Cells
Since myeloid innate immune cells are known to play an important
role in solid tumours, it was important to assess their systemic and
tumoural distribution in the early and advanced stages of PCa in the
TRAMP model. First, we assessed tumour-infiltrating innate
immune cells in the early and late TRAMP and compared it with
the immune profile of control mice (Figures 5A–H). The gating
strategies were adopted from previous studies (36, 37). Flow
cytometry gating on CD45 and CD11b showed a significantly
increased accumulation of granulocytes (30.98 ± 7.98%) in the late
TRAMP when compared to the 6-month-old control group (4.59 ±
0.922%) (Figure 5A). Also, late TRAMP revealed significantly
B CA

FIGURE 2 | Altered expression of SP-D mRNA and protein in the early and late stages. (A) qRTPCR of SP-D transcript in 2M Control (n= 4), Early TRAMP (n=5),
6M Control (n=5) and Late TRAMP (n=8) normalized with GAPDH. (B) Representative images of SP-D immunolocalization. (C) Semi-quantitative
immunohistochemical (IHC) analysis of SP-D protein in TRAMP (early and late) and age-matched control mice. The intensity of SP-D staining was quantitated by an
open source plugin, IHC profiler compatible with open resource digital image analysis software, Image J followed by calculation of H score. For each tissue section, a
minimum of three to four areas were scanned and average H score was calculated. The bar graphs represent the average H score of 2M Control (n= 3), Early
TRAMP (n=3), 6M Control (n=4), Late TRAMP (n= 5) tissue samples. Inner boxes represent negative staining. Statistical significance was tested using one-way
ANOVA followed Tukey’s multiple comparisons test (**p < 0.01). The data presented are mean ± SEM. ns, Non-significant.
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increased infiltration of the PMN-MDSCs (32.18 ± 8.945%) over
control (4.354 ± 0.344%) (Figure 5B). While comparing early and
late-stage tumours, it was observed that the late TRAMP showed a
~5.13 fold increase in granulocytes and a~4.62 fold increase in PMN-
MDSCs over the early TRAMP (Figures 5A, B). The percentage of
monocytic MDSCs (M-MDSCs) showed an increasing trend in
TRAMP but could not attain a significance level (Figure 5C).
Furthermore, the late TRAMP showed a significantly decreased
abundance of both immature (2.9 ± 1.19% vs. 12.81 ± 3.76%) and
mature dendritic cells (DCs) (0.98 ± 0.28% vs. 4.98 ± 0.68%) within
the TME as compared to controls (Figures 5D, E). Tumour-
associated macrophages (TAM) showed decreased accumulation of
classical macrophages (M1) (12.066 ± 1.12 vs. 38 ± 8.98) and
increased infiltration of alternative macrophages (M2) (17.36 ±
2.97 vs. 7.71 ± 2.06) in the late tumour as compared to control
(Figures 5F–H). A stage-dependent alteration in the M1 and M2
population between early and late TRAMPwas noticed (Figures 5G,
H). Thus, the increased percentage of granulocytes and PMN-
MDSCs may serve as the main contributor to increased elastase
activity which may eventually inhibit SP-D-mediated immune
Frontiers in Immunology | www.frontiersin.org 8105
surveillance by degrading SP-D into a non-functional form.
Increased percentage of M2 and PMN-MDSCs may also contribute
to the immune-unresponsive or immunologically “cold” TME to
allow immune evasion.

Next, the number of circulatingmyeloid cells in peripheral blood
was evaluatedbyflowcytometry (Figures 5I, J). Immunosuppressive
PMN-MDSCs and granulocyte populations were found to be
significantly expanded in the circulation of late TRAMP as
compared to the control group. The percentage of circulatory M-
MDSCs did not alter significantly in TRAMPmice (Figure S3B). No
alteration in the ratio of inflammatory and anti-inflammatory
monocytes was observed in TRAMP as compared to controls
(Figure S3A).

Combined Treatment With rfhSP-D and
Elastase Inhibitor, Sivelestat, Modulates
Immune Phenotype in Ex Vivo TRAMP
Prostate Tumour Biopsies
We first assessed whether ex vivo treatment of TRAMP biopsies
with rfhSP-D and sivelestat could influence the phenotype of
B
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FIGURE 3 | Impaired expression of the intact form of SP-D throughout the tumour progression. Total protein lysates were analysed by Western blot for SP-D and GAPDH.
(A) Immunoblot analyses of intact monomeric form of SP-D (~45kDa) and cleaved SP-D fragments (~35kDa-~33kDa) in the Early TRAMP compared with the corresponding
2M controls. C2: 2M Control mice; ET: Early TRAMP; 3 C2: 2M Control mice no. 3; 4 C2: 2M Control mice no. 4; 2089 ET: Early TRAMPmice no. 2089; 2090 ET: Early
TRAMPmice no. 2090; 2091 ET: Early TRAMP mice no. 2091. (B) Immunoblot analyses of intact monomeric form of SP-D (~43kDa), differentially glycosylated form of SP-D
(~50kDa) and cleaved SP-D fragments (~35kDa-~33kDa) in the Late TRAMP, compared with the corresponding 6M controls. C6: 6M Control mice; LT: Late TRAMP; 6 C6:
6M Control mice no. 6; 7 C6: 6M Control mice no. 7; 8 C6: 6M Control mice no. 8; 9 C6: 6M Control mice no. 9; 2059 LT: Late TRAMPmice no. 2059; 2038 LT: Late
TRAMPmice no. 2038; 2063 LT: Late TRAMP mice no. 2063; 2061 LT: Late TRAMPmice no. 2061. GAPDH was used as a loading control. (C–G) Densitometric analysis
of proteins normalized with GAPDH. n=3-6 for each group. Data are represented as mean ± SEM. Statistical significance was determined using two-tailed Student’s t-test
(C); one-way ANOVA followed Tukey’s multiple comparisons test (D–G), NS, Non-significant. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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macrophages found in PCa. Freshly harvested TRAMP tumour
biopsies were divided into 4 groups: vehicle control (PBS); rfhSP-
D treated (40 mg/ml); sivelestat treated (4mmol); and rfhSP-D+
sivelestat treated. Biopsies were cultured for 72 h in a standard
culture medium (Figure 6A). Moreover, to avoid the possibility of
complement activation-induced alteration of immune cell
phenotype, we used serum-free medium. At the end of the
treatment, biopsies were fixed and stained for immune
cells markers.

As previously observed, a comparison of immune cell marker
expression (CD45, MHC-II, CD206) within viable cells by flow
cytometry between immediately processed tumour tissues and those
cultured for 72h did not show any significant difference (Figure 6B)
(30). We next analysed the expression of the M1 and M2 markers
within the macrophage population defined as CD45+/CD11b+/F4/
80+ Ly6G- cells. The TAM population represented about 60% of the
CD45+ leukocytes found in the biopsies (data not shown). While
comparing between different treatment groups and PBS control
biopsies, we observed a non-significant change in the percentage of
TAM (Figure 6C) and a significant difference in the proportion of
cells expressing the M1 and M2 markers within the TAM
population. Flow cytometric analyses of tumour-derived immune
cells showed that, when treated with rfhSP-D and sivelestat, the
TAM skewed towards the M1 phenotype (Figure 6D). The
treatment induced a reduction in the proportion of cells
concomitantly expressing high levels of the M2-associated marker
(CD206+ MHC-II-) when compared to the control PBS group
(Figure 6E). Treatment with rfhSP-D alone or sivelestat alone did
not induce such phenotypic changes inmacrophages with respect to
the PBS-treated control. In addition, we also observed a significant
reduction in the immunosuppressive PMN-MDSCs count
(CD11b+Ly6G+Ly6CLow) in the rfhSP-D+sivelestat treated group
over the PBS control group (Figure 6F). Since macrophages and
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MDSCs are one of the major immune cells within the prostate
TME, we sought to evaluate how they are modulated by rfhSP-D
using short-term ex vivo cultured TRAMP prostate biopsies.
Immunologically unresponsive “cold” TME appeared to be altered
by rfhSP-D in the presence of sivelestat by polarizing TAM towards
M1 phenotype; reduction in PMN-MDSCs percentage is suggestive
of the immunomodulatory potential of rfhSP-D in PCa.

Induction of Immunogenic Cell Death (ICD)
by rfhSP-D
Previously, we have reported the anti-tumourigenic potential of
rfhSP-D on human prostate cancer cells in vitro (16, 17).
Interestingly, in vitro culture of the murine TRAMP-C2 cells with
rfhSP-D (20mg/ml) resulted in cell death in a time-dependent
manner and confirmed that rfhSP-D had a similar anti-tumour
effect on the murine PCa cell line (Figure 7A). To investigate if the
immunogenic cell death (ICD) contributed to this effect, HMGB1
and CRT, two major ICD damage-associated molecular patterns
(DAMPs), were evaluated in TRAMP-C2 cells treated with 20mg/ml
rfhSP-D for 24 hour. The rfhSP-D treated TRAMP-C2 cells showed
a decreased nuclear HMGB1 staining by ~1.5 fold over PBS treated
cells, signifying increased release of HMGB1 from the nucleus
(Figures 7B, C). Percentage of cells expressing surface and
intracellular CRT was evaluated by flow cytometry. rfhSP-D
treatment induced a significantly increased CRT translocation to
the cell surface (~8.77 fold) in non-permeabilized TRAMP-C2 and
caused a ~2.8 fold reduction in the intracellular CRT expression in
permeabilized cells when compared to the PBS control group
(Figures 7D, E).

Similar to the in-vitro observations, induction of ICD by rfhSP-D
was evaluated using ex-vivo cultured TRAMP tumour biopsies.
Flow cytometric analysis of PI+ dead cells showed a significant
increase in the cell death in rfhSP-D+sivelestat group (Figure 8A).
BA

FIGURE 4 | Elastase mediated degradation of rfhSP-D. (A) CBB-stained profile of 2mg rfhSP-D treated with 2.5mg elastase for 30 mins at 37°C. Heat-inactivated
elastase was used as the negative control. Assessment of partial inhibition of elastase activity by the serine protease inhibitor PMSF (5mM). (B) Effect of CaCl2
(10mM) and LPS (10mg/ml) on elastase-mediated degradation of rfhSP-D. Yellow boxes represent band of rfhSP-D; red arrow-heads represent cleaved fragment of
rfhSP-D (below 10kDa) due to elastase activity.
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Extracellular expression of HMGB1 and CRT was evaluated in the
culture medium of tumour explant. Both rfhSP-D treated and
rfhSP-D+sivelestat treated groups showed a ~17.88 fold (p=0.003)
and ~18.64 fold (p=0.002) upregulation in HMGB1 release,
respectively, when compared to the PBS control (Figure 8B).
There was no change in the extracellular CRT expression
(Figure 8C) following treatment.
DISCUSSION

The role of SP-D has been extended to anti-tumoural innate
immune surveillance beyond its well-established protective
functions against pathogens and allergens (38). A correlation
between presence/levels of SP-D transcript/protein and the
cancer development was proposed recently to highlight the
prognostic value of SP-D in several cancers (38). Downregulated
Frontiers in Immunology | www.frontiersin.org 10107
SP-D expression has been reported in the lung, breast, and gastric
cancers as compared to the healthy controls, whereas high
transcriptional and protein expression of SP-D is found in the
ovarian adenocarcinoma (19, 38). However, the bioinformatics
studies revealed that only in the lung adenocarcinoma, SP-D
mRNA had a favourable prognostic effect, whereas the presence
of SP-D mRNA was negatively associated with the overall survival
rate in the patients with breast, ovarian, and gastric carcinoma
(38). Further, down-regulated expression of SP-D (and SP-A) at
the malignant sites of human prostate adenocarcinomas as
compared to the non-malignant sites and an association of weak
SP-D (and SP-A) protein expression with an increasing Gleason
score have been reported earlier (15). Thus, a complex regulatory
mechanism involving SP-D seems to be operational in
various cancers.

In order to delineate the molecular mechanisms for the
initiation and progression of metastatic PCa, the TRAMP
B C D
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FIGURE 5 | Tumour-stage-specific altered tumoural, and circulatory innate immune landscape. Control and tumour tissues were harvested at the indicated time
points, single-cell suspensions were prepared and immune-phenotyped to characterize different innate immune cells like (A) Granulocytes (Ly6G+ F4/80-);
(B) Polymorpho-nuclear myeloid-derived suppressor cells (PMN-MDSCs) (Ly6Ghigh LY6Clow); (C) Monocytic MDSCs (MMDSCs) (Ly6Glow LY6Chigh); (D) Mature
dendritic cells (DCs) (MHC-II+ CD11c+); (E) Immature DCs (MHC-II- CD11c+) (F) Tumour associated macrophages (TAM) (F4/80+ Ly6G) (G) M1 macrophages
(MHC-II+ CD206- F4/80+ Ly6G-); (H) M2 macrophages (MHC-II- CD206+ F4/80+ Ly6G-). Circulatory PMN-MDSCs and granulocytes were analysed using peripheral
blood (I, J). n=4-5/group (tissue), n=5-7/group (blood)E; Data are represented as mean ± SEM. Statistical significance was determined using one-way ANOVA
followed by Tukey’s multiple comparisons test, ns, Non-significant; (*p < 0.05, **p < 0.01).
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model was used as a pre-clinical autochthonous model of PCa.
This genetically engineered model develops progressive,
multifocal, and heterogeneous tumour which resembles various
human PCa stages, thus facilitating pre-clinical studies (25, 31).

In this study, the expression of SP-D was evaluated at different
stages of prostate cancer using TRAMP. Significantly
downregulated transcript of SP-D was observed in both early
stage (PIN: precancerous) and advanced stage (poorly
differentiated adenocarcinoma; PD) of tumour development
compared to age-matched non-transgenic littermates (control), a
finding similar to our earlier report of a significant downregulation
of SP-D mRNA in the androgen-sensitive human LNCaP cells (16).
In this context, it is important to note that the glucocorticoids
stimulate SP-D mRNA expression in the lung, and glucocorticoid
receptor expression is low in the human prostatic carcinoma
patients (39). Therefore, SP-D mRNA in the TRAMP mice could
be indirectly regulated through the glucocorticoid receptor pathway
in the prostate. Similarly, estrogen receptor-a was reported to
stimulate SP-A expression in the fetal lung cells. In addition, a
significant decrease in estrogen and androgen receptors from PIN to
Frontiers in Immunology | www.frontiersin.org 11108
PD in TRAMP has been reported previously (40). Thus, it is likely
that the alteration in the levels of these receptors may regulate the
synthesis of SP-D in TRAMP mice. Interestingly, there was a
relatively higher SP-D transcript expression in the late stage than
in the early stage, most plausibly a rescuemechanism by the host. As
advanced prostate tumours are histopathologically very
heterogeneous (41), the expression profile of SP-D gene from late
TRAMP tissues could be substantially influenced by contamination
with surrounding noncancerous cells which could explain the
increased expression of SP-D transcript in late TRAMP as
compared to the small localized lesion of PIN or early TRAMP.

Immunolocalization in the control prostate revealed
expression of SP-D in basal epithelial lining of acini and in the
stromal compartment. This expression pattern was altered in the
poorly differentiated late TRAMP. Thus, the considerable
immunostaining of SP-D in TRAMP tumour, compared to
control, may be due to its extra-prostatic origin. Since SP-D is
a hydrophilic soluble PRR and is present in serum, it may
circulate to the tumoural compartment as a consequence of
host response (42, 43).
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FIGURE 6 | Treatment with rfhSP-D+sivelestat induced polarisation of macrophages in ex vivo cultured TRAMP tumours. (A) Study design. (B) Comparison of (i) CD45+,
(ii) MHC-II+ and (iii) CD206+ cells percentage between freshly dissociated TRAMP tumours and tumours after 72h culture in DMEM media.(C–F) Tumour tissues were
collected from the late TRAMP and cultured in the serum-free DMEM with PBS/rfhSP-D/sivelestat/rfhSP-D+sivelestat treatment for 72h. After treatment, single cell
suspensions were prepared and percentages of different immune cell types were analysed by flow cytometry. Fold change of (C) tumour-associated macrophages (TAM),
(D) M1; (E) M2 and, (F) PMN-MDSCs in ex vivo cultured TRAMP tumours were calculated with respect to PBS control. n=3/treatment group. Data represented as
mean ± SEM. Statistical significance was determined by the two-tailed Student’s t-test. (*p < 0.05, **p < 0.01, ***p < 0.001); ns, Non-significant.
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FIGURE 7 | rfhSP-D induces immunogenic cell death (ICD) in TRAMP-C2 cells. (A) TRAMP-C2 cells were incubated in the serum-free media for 12h and then
treated with or without rfhSP-D (20µg/ml in PBS). PBS was used as the vehicle control. Treatment was given for the indicated time intervals (24, 48, and 72 h). After
treatment, MTT assay was done. Each bar represents % viability ± SEM of three independent experiments relative to the untreated controls or PBS control. After
24h treatment TRAMP C2 cells were analysed by immunofluorescence or flow cytometry. (B) Representative images showing immunofluorescence staining of
nuclear high mobility group box protein 1 (HMGB1) (Green) and DAPI (Blue) (C) Quantification of nuclear HMGB1 staining intensity using ImageJ. (D) Flow cytometric
analysis of cell-surface exposed calreticulin (CRT) in the non-permealized cells; and (E) intra-cellular calrticulin in permealized cells. Samples were analyzed in
triplicate and represented as mean ± SEM. Statistical significance was determined by two-way ANOVA (A), two-tailed Student’s t-test (B–E). ns, Non-significant.
*p < 0.05, ****p < 0.0001.
B CA

FIGURE 8 | Assessment of cell death and released ICD markers in ex vivo cultured TRAMP tumours. Tumour tissues were collected from the late TRAMP and
cultured in serum-free DMEM with PBS, rfhSP-D, sivelestat and rfhSP-D+sivelestat treatment for 72h. (A) After treatment, single cell suspensions were prepared and
percentage of Propidium Iodide-positive (PI+) (dead) cells were analysed by flow cytometry. (B, C) After treatment, the culture-media were subjected to western blot.
(B) Representative immunoblot and densitometric analysis of extracellular HMGB1. (C) Representative immunoblot and densitometric analysis of extracellular
calreticulin. n=3/treatment group. Data represented as mean ± SEM. Statistical significance was determined by one-way ANOVA (A), two-tailed Student’s t-test
(B, C). ns, Non-significant. *p < 0.05, ***p < 0.001.
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Tumour-infiltrating neutrophils and PMN-MDSCs are
associated with a poor prognosis in many solid tumours
including PCa (44). It has been observed that the stromal
area of both primary and invasive PCa tissue is enriched with
PMN-MDSCs more than the epithelial counterpart (45). The
pro-tumourigenic effect exerted by these granulocytic myeloid
cells is mainly by releasing a serine protease, neutrophil elastase
(NE); importantly, these cells show a progressive increase from
normal to early to advanced prostate tumours of TRAMP (34).
The role of NE in promoting tumour growth, angiogenesis, and
metastasis has been addressed in many cancers (46).
Endocytosis of NE by the lung adenocarcinoma cells caused
upregulation of PI3K-AKT survival signalling, whereas in PCa,
extracellular NE triggered ERK signaling via the combined
activation of receptor tyrosine kinases AXL and EGF (46).
These pro-tumoural activities were further confirmed when
inhibition of NE by the genetic deletion approach or
pharmacological inhibitors showed a reduction in tumour
growth in mice (46).

There are several serine proteases known to cleave SP-D.
Elastase is known to cleave SP-D within the CRD region to
produce a stable but non-functional 35-kDa fragment (23, 24). In
the cystic fibrosis lung (35), SP-D-mediated host defense is
compromised due to the increased proteolysis of SP-D. In this
study, a significant increment in the cleaved SP-D and total SP-D
(cleaved+intact) was found in the late TRAMP as compared to
both the early TRAMP and control mice, suggesting that though
the amount of total SP-D protein increased, most of it was
functionally inactive. It has been shown previously that elastase-
mediated degradation impairs CRD-dependent activities of SP-D
can could hamper several defense mechanisms such as SP-D
mediated chemotaxis of immune cells, opsonization,
internalization, and killing of microbes by leukocytes (23, 24).
As previously reported, immunophenotyping of the early and
late TRAMP also revealed a significantly increased presence of
PMN-MDSCs and granulocytes in the tumour as well as in the
peripheral blood. Therefore, it is interesting to postulate that the
intra-tumoural factors may be associated with an increased
accumulation of MDSCs that results in the increased intra-
tumoural NE level (46). Interestingly, endogenous NE
inhibitors, like SERPINB1, are down-regulated in early and
advanced prostate cancer, which is indicative of another
strategy to establish high NE activity in tumours (41, 47).
Thus, degradation of SP-D may have resulted from the
plausibly increased PMN-MDSCs-derived NE activity. Several
in vitro studies exemplified the anti-tumourigenic potential of
rfhSP-D, comprising of CRD and eight Gly-X-Y repeats, but this
study for the first time demonstrated that rfhSP-D is highly
susceptible to the elastase-mediated degradation in tumor
tissues. Hence, to maintain the stability of exogenous rfhSP-D
in TME, it is important to inhibit the elastase activity.

A complex and dynamic communication between the cancer
cells and immune cells within the prostate TME greatly
influences tumour survival and growth. Macrophages, one of
the key immune cells present within the tumour and its
periphery, contribute to tumour resistance and metastases (30).
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The advanced TRAMP TME is marked by an abundance of
immunosuppressive M2 macrophages, PMN-MDSCs with
decreased M1, and mature DCs.

Hence, it is important to evaluate the anti-prostate tumour
potential of SP-D in the TME. After several unsuccessful
attempts to generate TRAMP-C2 syngeneic model [following
reported protocols using 1x106 or 5x106 TRAMP-C2 cells by
intraprostatic or subcutaneous routes in young (6-8 wk), and old
mice (24 wk) (48, 49)] for evaluating the anti-prostate tumour
effect of rfhSP-D+sivelestat in-vivo, we pursued the ex-vivo
approach to evaluate the anti-tumourigenic potential of rfhSP-
D. To overcome the limitations encountered with spontaneous
tumour development, the usage of highly tumourigenic
androgen-insensitive cell lines derived from androgen-deprived
parental TRAMP-C1 or TRAMP-C2 can be used as an
alternative means (50, 51).

Here we report, for the first time, the ability of rfhSP-D
combined with sivelestat to modulate the immunosuppressive
TME. rfhSP-D+sivelestat treated ex vivo cultured tumour
explants showed dynamic polarization of macrophages from
M2 to M1 with significant alteration in the PMN-MDSCs.
Consistent with this observation, the potential of de-
oligomerized SP-D in macrophages polarization was also
reported in the animal model of acute kidney injury (AKI), in
which induction of M1 macrophages through CRT/p38 MAPK
signaling cascade was observed by the recombinant SP-D (11).
The efficacy of sivelestat, in suppressing prostate as well as colon
cancer xenografts in athymic mice was recently reported (44, 52).
Sivelestat functions by directly inhibiting NETosis, NE-induced
cancer cell proliferation, and invasion (44, 52). Here, sivelestat
alone treatment resulted in significant cell death but was neither
able to modulate immune profile nor HMGB1 release from the
TRAMP explant. However, the impact of rfhSP-D was found to
be greatly stabilized when combined with sivelestat, which
suggests a new therapeutic approach for PCa (Figure 8). The
molecular mechanisms underlying macrophage polarisation
remain to be deciphered.

According to the current concept, ICD relies on the ability of
specific apoptotic cancer cells treated with chemotherapeutics or
radiotherapy to convey spatiotemporally coordinated release of
immunogenic signals in the form of damage-associated molecular
patterns (DAMPs), which provoke an active immune response
(53). DAMPs exert robust immunostimulatory effects upon
binding to the pattern recognition receptors (PRRs) expressed
on the immune cells. The hallmarks of ICD are CRT cell surface
exposure, and secretion of ATP and HMGB1 (53, 54). Here we
provide evidence that rfhSP-D treatment increased the release of
HMGB1 from the nucleus and a significant translocation of CRT
to the cell surface, suggesting a novel mechanism through which
rfhSP-D enhances immunogenicity of the tumour via ICD
induction. In ex-vivo cultured TRAMP tumour, treatment with
rfhSP-D, with or without sivelestat, induced a robust HMGB1
release in the culture medium, suggesting an enhanced ICD. Since,
secreted HMGB1 is known to serve as a ligand for the receptor for
advanced glycocylation end products (RAGE) and TLRs and helps
in the recruitment, maturation of DCs, induction of HMGB1 by
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rfhSP-D may modulate immune unresponsiveness in the
TME (55).

Accumulation of hyaluronic acid (HA) has been extensively
reported in epithelial cancers, such as prostate, where the presence
of tumour cell HA matrices is both histopathologically correlated
with aggressive cancer and functionally implicated in metastatic
spread (56, 57). It has been reported that HA binds to rfhSP-D and
hampers its anti-apoptotic potential against the breast cancer cells
(58). HA has also been reported to be involved in PCa progression,
and thus, the impact of interplay between HA with SP-D in PCa is
definitely worth examining. It will be interesting to analyse the
impact of HA on various anti-tumour mechanisms of SP-D like
EGF-EGFR interaction, ICD, and immunomodulation of rfhSP-D
besides the previously reported inhibition of SP-D mediated
apoptosis of cancer cells.

In summary, the present study demonstrates that the tumour
milieu adversely impacts functional SP-D levels via reduced
transcription and enhanced proteolytic degradation. We report,
for the first time, an immunomodulatory role of the recombinant
fragment of human SP-D (rfhSP-D) in the TRAMP tumour
explants. Dynamic phenotype changes of macrophages with the
downregulation of immunosuppressive PMN-MDSCs within
tumour indicates a novel anti-tumour effector mechanism of
rfhSP-D leading to the transformation of an immunologically
unresponsive “cold tumour” into a responsive “hot tumour”
microenvironment. In addition, ICD mediated by rfhSP-D is
being reported in the TRAMP tumour explants for the first time.
The current study provides a snapshot of the involvement of SP-
D in the immunomodulation in TME of prostate cancer. Future
studies would be directed to elucidate the synergistic potential of
rfhSP-D and sivelestat in prostate cancer in vivo.
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Surfactant Protein-A (SP-A) is an innate immune modulator that regulates a variety of
pulmonary host defense functions. We have shown that SP-A is dysfunctional in asthma,
which could be partly due to genetic heterogeneity. In mouse models and primary
bronchial epithelial cells from asthmatic participants, we evaluated the functional
significance of a particular single nucleotide polymorphism of SP-A2, which results in
an amino acid substitution at position 223 from glutamine (Q) to lysine (K) within the
carbohydrate recognition domain (CRD). We found that SP-A 223Q humanized mice had
greater protection from inflammation and mucin production after IL-13 exposure as
compared to SP-A-2 223K mice. Likewise, asthmatic participants with two copies the
major 223Q allele demonstrated better lung function and asthma control as compared to
asthmatic participants with two copies of the minor SP-A 223K allele. In primary bronchial
epithelial cells from asthmatic participants, full-length recombinant SP-A 223Q was more
effective at reducing IL-13-induced MUC5AC gene expression compared to SP-A 223K.
Given this activity, we developed 10 and 20 amino acid peptides of SP-A2 spanning
position 223Q. We show that the SP-A 223Q peptides reduce eosinophilic inflammation,
mucin production and airways hyperresponsiveness in a house dust mite model of
asthma, protect from lung function decline during an IL-13 challenge model in mice,
and decrease IL-13-induced MUC5AC gene expression in primary airway epithelial cells
from asthmatic participants. These results suggest that position 223 within the CRD of
SP-A2 may modulate several outcomes relevant to asthma, and that short peptides of
SP-A2 retain anti-inflammatory properties similar to that of the endogenous protein.
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INTRODUCTION

Surfactant Protein A (SP-A) belongs to a class of macromolecules
produced in the lung known as collectins and possesses host
defense and innate immune properties (1). We have shown that
SP-A also has specific anti-inflammatory properties relevant to
asthma and can be dysfunctional or deficient (2, 3). Specifically,
we have shown that SP-A derived from asthmatic participants is
defective in reducing Mycoplasma pneumoniae-induced
inflammation and mucin gene expression (2). From our group,
Lugogo et al. showed that SP-A was significantly decreased in
asthmatic participants who were obese and that this correlated
with worse lung function and asthma status (3). Recently, we
have shown that SP-A can mediate Interleukin (IL)-13 induced
allergic inflammation in both in vitro primary human lung
epithelial cells and in vivo mouse models (4).

SP-A is a hydrophilic calcium-dependent (C-type) lectin
produced in the lung epithelium of the distal airways, club
cells and mucosal cells (5). A complete SP-A protein consists
of a trimeric assembly of two molecules, SP-A1 and SP-A2,
which oligomerize into an octadecamer possessing six trimers
(6). Although SP-A1 and SP-A2 share approximately 96% amino
acid sequence homology, the latter is believed to be more
biologically active (7, 8). Wang et al. demonstrated that
asthmatic participants have higher levels of SP-A1/total SP-A
compared to healthy individuals, suggesting a reduction in SP-
A2 or dysfunction with this protein may correlate with increased
disease pathogenesis (2).

A single monomer of SP-A2, encoded by the SFTPA2 gene, is
248 amino acids in length and structurally composed of 4
domains: an N terminal sequence, collagen-like domain, neck-
region, and a carbohydrate recognition domain (CRD) (9). In
particular, the CRD recognizes oligosaccharide motifs and
encourages the binding and opsonization of pathogens. Allelic
variations corresponding to the CRD of SP-A2 have been
associated with several respiratory diseases including
tuberculosis, allergic rhinitis, respiratory syncytial virus, and
influenza (10).

We identified a single nucleotide polymorphism (SNP) of SP-A2
(rs1965708) present in some of our asthma patients, which results in
an amino acid substitution at position 223 and replaces a glutamine
(Q) for a lysine (K) in the CRD. Our studies show that asthmatic
individuals who possess two copies of the minor SP-A 223K allele
are more likely to have lower lung function and worse asthma
control as compared to asthmatic participants with two copies of the
major SP-A 223Q allele.

Furthermore, ex vivo studies using primary bronchial epithelial
cells show that exogenous SP-A2 223Q reduces IL-13-induced
mucin gene expression more effectively than the SP-A 223K
protein. To gain further insight into the importance of the
major allele, SP-A223 Q, 10 and 20 amino acid peptides
containing this region of interest were developed and studied
using in vitro primary human lung epithelial cells and in vivo
mouse models of asthma. We demonstrate that these truncated
peptides retain anti-inflammatory properties similar to that of the
full-length endogenous SP-A protein and may have potential
therapeutic benefits in asthma.
Frontiers in Immunology | www.frontiersin.org 2115
MATERIALS AND METHODS

Study Approvals
The Duke University and University of Arizona Institutional
Review Boards (IRB) approved all protocols for recruitment of
participants for these human studies. All animal experiments
were carried out according to IACUC approved protocols at both
Duke University and the University of Arizona.

Human Studies
Description of Research Participants
Participants were recruited from the population in Durham,
North Carolina, Tucson, Arizona and their surrounding areas.
Informed consent was obtained from each participant (18-65
years of age). Asthmatic participants met criteria for mild and
moderate asthma per GINA guidelines (11), including the
presence of reversibility of airflow obstruction or airways
responsiveness with a provocative concentration of
methacholine resulting in a 20% fall in FEV1 (PC20 FEV1) of ≤
8mg/ml or < 16 mg/ml if they were taking inhaled
corticosteroids. The presence of atopy was determined using
skin testing and peripheral eosinophils and were measured in a
subset of participants. Healthy participants had no evidence of
airflow obstruction, and no history of pulmonary disease.
Exclusion criteria included an exacerbation of asthma within
four weeks of study requiring antibiotics and/or corticosteroids,
greater than 10-pack year history of tobacco use or any cigarette
use in the last year, and any other significant medical conditions.

Research Bronchoscopy and Cell Culture
Participants underwent bronchoscopy with endobronchial-
protected brushing and bronchoalveolar lavage, as previously
described (12). The brushing of the proximal airways to obtain
bronchial epithelial cells was performed under direct
visualization using a separate protected cytologic brush
for each pass, for a total of eight passes. Bronchoalveolar
lavage (BAL) was performed via instillation of warm sterile
saline in 60-ml aliquots, with return via gentle hand suction,
for a total of 300 ml. Participants were discharged when their
FEV1 achieved 90% of their pre-bronchoscopy, post-albuterol
value. Freshly isolated airway bronchial epithelial cells from
endobronchial brushing were cultured with BEGM (Lonza,
Walkersville, MD) as previously described (12). Culture media
contained the following supplements: Bovine pituitary extract,
Insulin, Gentamycin-amphotericin, Retinoic Acid, Transferrin,
Triiodothyronine, Epinephrine, and human Epidermal Growth
Factor. After reaching confluence, cells were trypsinized and
seeded onto collagen-coated polyester Transwell insert
membranes of 12-mm diameter, at a concentration of 4 × 104/
well. Then the cells were cultured at air–liquid interface for 2
weeks to allow for differentiation.

SP-A Preparation
SP-A was purified from the BAL fluid of patients with alveolar
proteinosis that were seen at Duke University Medical Center and
were under IRB approval using previously describedmethods (13).
Extracted SP-A was passed over a polymyxin B-agarose column to
July 2022 | Volume 13 | Article 900022
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reduce endotoxin contamination and had final endotoxin
concentrations of <0.01pg/mg SP-A as determined by the
Limulus amoebocyte lysate assay [QCL-1000, BioWhittaker
(Lonza)]. Recombinant SP-A was expressed in Freestyle HEK-
293 cells and purified as previously described (14). This affinity
purification procedure, which requires the C-type lectin activity of
the protein be functional, ensures that the purified SP-A is
properly folded. Small peptides were purchased from Genscript
(Piscataway, NJ) and were received as lyophilized powder. All
peptides were resuspended under sterile conditions in PCR-grade
H2O. Peptide purity was greater than 95% and preparations were
tested to confirm they were endotoxin-free. The SP-A 20-mer
peptide sequence: PAGRGKEQCVEMYTDGQWND; the SP-A
10-mer peptide sequence: KEQCVEMYTD.

Sequencing of hSP-A2 Gene
Genomic DNA was extracted from peripheral blood using a
PAXgene Blood DNA kit (Qiagen) according to manufacturer’s
instructions. The region of interest containing SP-A2 coding
sequence was assessed through allelic discrimination using
TaqMan™ probes labeled with either HEX (encoding 223Q) or
FAM (encoding 223K).

SP-A Binding Assay
Plates were coated with 100 ng/well of rIL-13 in PBS and placed at
4°C overnight. Wells were blocked with 5% non-fat milk in PBS/
1% Triton X-100 for 2 hrs at 37°C after which purified samples of
SP-A (1 mg/ml) were added in blocking buffer and incubated for
an additional 2 hrs at 37°C. The plate was washed 5 times with
PBS/1% Triton X-100 and HRP conjugated anti-human SP-A was
added (1:2000) in blocking buffer for 1 hr at 37°C, after which the
plate was washed an additional 5 times as described above. Finally,
orthophenylene diamine substrate was added for 5 min, after
which stop solution was added and samples were assessed using an
ELISA plate reader at absorbance of 490 nm.

Western Analysis of STAT Activation
Human bronchial epithelial cells were grown on transwell inserts
at an air-liquid interface for two weeks prior to experimentation.
Some wells received chronic IL-13 challenge (10 ng/ml each day
for 5 days on the apical surface) in the presence of absence of SP-
A (20 mg/ml, 30 min prior to IL-13 on the apical surface). For
collection of human epithelial cells or mouse lungs,
radioimmunoprecipitation assay (RIPA) buffer (Millipore) with
protease inhibitors (Roche) were added to each sample for cell
lysis or tissue homogenization. Each sample was homogenized,
sonicated, and insoluble material was removed by centrifugation.
The protein concentration of each lysate was determined by BCA
and an equal amount of lysate was loaded onto electrophoretic
gels for each sample to be analyzed by Western. Antibodies for
phospho-Stat3, Stat3 and b-actin were all used according to
manufacturer’s (Cell Signaling) recommendations and analyzed
in the order listed respectively for each blot.

Statistical Analysis
For human data analysis, associations between SPA2 SNP
rs1965708 and asthma status were evaluated using Fisher’s
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exact test, and separately, logistic regression with the number
of “A” alleles as an explanatory variable. Lung function
measurements (FEV1, FVC, and FEV1/FVC ratio), blood cell
types (eosinophils, neutrophils) and BAL cell types
(macrophages, eosinophils, neutrophils, epithelial cells) were
evaluated using linear models with asthma status and SPA2
SNP genotype as categorical explanatory variables. Because no
non-asthmatic participants with AA genotype have blood or
BAL cell type data, these comparisons combined the
heterozygote AC and homozygote AA SPA2 genotypes into a
single category. Analysis of variance was used to assess
asthma and SPA2 SNP factors, as well as their interaction.
Tukey’s HSD is used for pairwise comparisons. Note that
Tukey’s procedure accounts for all pairwise comparisons
within a single analysis in computing p-values. P-values less
than 0.05 were considered statistically significant, but no
adjustment was made for testing the multiple related outcomes
in these exploratory clinical data. Airways hyperresponsiveness,
as measured by the provocative concentration of methacholine
resulting in a 20% fall in FEV1 (PC20 FEV1) was compared
between the AC and CC asthmatic groups using Student’s t test
of the logPC20 FEV1.

MUC5AC expression fold-change, relative to control, was
computed for IL-13 alone, IL-13 + AA10, and IL-13 + AA20. We
used log10 transformed data to reduce skewness, and a linear
mixed model for statistical analysis. The mixed model extends
the usual analysis of variance model to reflect the ALI intra-
subject treatments with IL-13 + SP-A peptides, and the inter-
subject asthma vs. control groups. Inference proceeded
hierarchically, first requiring main effects or interactions be
significant (p < 0.05) before proceeding to post hoc
comparisons. Tukey’s honestly significant difference was used
for pairwise comparison of groups with a significance level
of 0.05.

Mouse Studies
Description of Mice
SP-A humanized transgenic mice were generated as previously
described (15). SP-A-/- mice on C57BL/6 background (16) were
bred in-house and wild-type (WT) mice were purchased from
Jackson Laboratories (Bar Harbor, ME) and bred in house for
experiments. Age-matched (approximately 6-8 weeks) male mice
were used for experiments since they have more robust
methacholine sensitivity for lung function measurements
compared to female mice. Mice were anesthetized under
inhaled isoflurane and given 3.9 mg of recombinant IL-13
(Peprotech) in 50 ml of sterile saline via oropharyngeal delivery
(17). At the desired time point, mice were euthanized and the
lungs lavaged with PBS (0.1 mM EDTA) and lung tissue was
obtained for further analysis. Differential cell counts were
analyzed from the lavage fluid after H&E staining. Viability
was assessed by Trypan blue exclusion.

House Dust-Mite Model
The common allergic airway model was used in which 6-8 weeks
old C57BL/6 male mice were sensitized and challenged with
100 mg house-dust mite extract (HDM; prepared from dry
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weight, Greer) over the course of three intranasal instillations
while under isoflurane anesthesia. Mice received either vehicle,
SP-A 10-mer or 20-mer peptides 24 hrs after HDM challenge via
oropharyngeal delivery while under isofluorane anesthesia.

On the day of pulmonary function testing (PFT), mice were
anesthetized with urethane (Sigma, U2500) prepared at a
concentration of 125 mg/ml in sterile dH2O and dosed at 16 ml/
gram of body weight intraperitoneally (ip). Once a surgical plane
of anesthesia is reached, the trachea was cannulated with a 19-
gauge metal cannula using previously described methods (18, 19).
Mice were connected to a commercial computer-controlled
piston-ventilator (flexiVent, SCIREQ Inc., Montreal, Qc,
Canada) for mechanical ventilation and PFTs (19).
Pancuronium bromide (0.8 mg/ml in saline, Sigma P1918) was
administered to the anesthetized mouse via ip injection at a
volume of 10 ml/gram of body weight to prevent any
interference from the subject during the PFTs. Following an
equilibration period under default mechanical ventilation
settings (150 breaths/min, tidal volume of 10 ml/kg, and a PEEP
of 3 cmH2O), two recruitment maneuvers (inflation to a standard
pressure of 30 cmH2O over a 3 second and holding for an
additional 3 seconds) were performed to open and close lung
areas and to standardize lung volume history. Methacholine
challenges were carried out as previously described (20). Mice
that were not subject to PFTs were euthanized and the lung
lavaged with PBS (0.1 mM EDTA) and lung tissue was obtained
for further analysis. Differential cells counts were analyzed from
the lavage fluid after H&E staining. Viability was assessed by
Trypan blue exclusion.

RT-PCR
Mouse tissues and human bronchial epithelial cells were
collected into 1 ml of TRI Reagent® (Sigma). RNA was isolated
using the standard TRI reagent/chloroform extraction method.
DNA was synthesized from 1 µg of total RNA using Bio-Rad™

cDNA Synthesis kit. Real-time polymerase chain reaction (RT-
PCR) was performed using Bioline 2x SensiFAST SYBR no-ROX
mix. The samples were analyzed for expression levels of mouse
MUC5AC using forward and reverse primers specific to the gene
(forward 5’ GAG GGC CCA GTG AGC ATC TCC 3’, reverse 5’
TGG GAC AGC AGC AGT ATT CAG T 3’). The relative levels
of expression obtained were normalized to the mammalian
housekeeper gene Cyclophilin using primers specific to the
gene (forward 5’ AGC ACT GGA GAG AAA GGA TTT GG
3’, reverse 5’ TCT TCT TGC TGG TCT TGC CAT T 3’). For
human bronchial epithelial cells, each condition is compared to
its unexposed negative control after standardization to the
housekeeper gene, GAPDH.

Histological Analysis
Mice were euthanized by CO2 asphyxiation. Left lung lobes were
dissected and immersed in 10% buffered formalin for fixation.
After 3 days, the lung lobes were transferred from formalin to
70% ethanol, then routinely processed and paraffin embedded for
PAS staining to assess for mucin production. Stained sections
were scored blinded according to standard methods (21).
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Statistical Analysis
For murine experiments, analyses were performed using Graph
Pad Prism and Student’s t-Test or one-way ANOVA, as
necessary. F-test was used to compare variances between data
analyzed and Welch’s correction applied if variances were
significantly different (p<0.05) between groups statistical
significance was defined as a p-value < 0.05.
RESULTS

Humans: Genetic Variation in SP-A2 is
Associated With Changes in
Lung Function
Seventy-five participants with mild-moderate asthma
(FEV1: 87 ± 2% predicted), and sixty-eight non-asthmatic
participants (FEV1: 100 ± 2% predicted) underwent blood
sampling for gene sequencing of the SP-A2 gene (Table 1). By
Fisher’s exact test, the SP-A2 SNP associated with asthma status
(p=0.023), with the “A” allele (Lysine/K at position 223)
associated with greater odds of disease. Logistic regression with
number of “A” as a factor indicates increasing odds of disease
(ChiSq=7.5, df=2, p=0.023) with the minor allele. While there is
an association of the minor allele and asthma status, there does
not appear to be an association with increased reported disease
severity (p=0.65).

In addition, there is an association between SP-A2 SNP,
asthma status and lung function (FEV1%, FVC% and FEV1/
FVC ratio). This effect may be modified with combined modeling
of subjects’ SP-A2 SNP and asthma status. FEV1 (% predicted) is
associated with both asthma status (p<0.001) and SP-A2 SNP
(p=0.003), with a possible interaction (p=0.16). Pairwise group
comparisons indicated that among asthmatics, the AA genotype
(encodes for 223K/K) exhibits reduced FEV1 (% predicted) with
an approximately 16% reduction compared with CC (223Q/Q,
p=0.057) and AC (p=0.002), respectively. Among non-
asthmatics, significant differences in lung function are not
demonstrated between genotypes. FVC (% predicted) is
associated with both asthma status (p<0.003) and SP-A2 SNP
(p=0.003), with a possible interaction (p=0.08). Pairwise group
comparisons indicated that among asthmatics, the AA genotype
exhibits reduced FVC (about 17%) compared with CC (p=0.021)
and AC (p=0.003), respectively. Among non-asthmatics, strong
differences are not indicated. The FEV1/FVC ratio is associated
with asthma status (p<0.001), but not with the SP-A2 SNP. The
ratios average 0.07 lower for participants with asthma as
compared to non-asthma. Within the group who underwent
bronchoscopy (Table 2), the methacholine PC20 FEV1 was
significantly lower in the AC asthma group compared to CC
asthma group, suggesting greater hyperresponsiveness in the AC
asthmatic group (p=0.03)

A subset of the SP-A2 genotyped asthmatic participants was
further analyzed for inflammatory cells in the peripheral blood.
Due to the relatively small number of homozygous 223K
individuals carrying the minor allele AA which translates to
the amino acids KK, participants carrying one (223Q/K) or two
July 2022 | Volume 13 | Article 900022
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TABLE 2 | Demographics for patients that underwent bronchoscopy for analysis of bronchial epithelial cells.

rs1965708 SFTPA2 AC CC

Asthma Normal Asthma Normal

Asthma/Normal 4 4 7 5
Males 3 1 1 2
Females 1 3 6 3
White 0 2 4 3
Black 4 2 2 2
Hispanic 0 0 0 0
Asian 0 0 1 0
Age* 24 ± 2.3 35 ± 6.1 26 ± 2.2 30 ± 1.4
FEV1 (%) 90.5 ± 6.0 100.8 ± 9.0 88.3 ± 4.2 101.5 ± 2.4
FVC (%) 99.5 ± 6.0 99.75 ± 8.3 101.3 ± 3.0 100 ± 2.5
FEV1/FVC (%) 77.0 ± 3.4 83.0 ± 1.6 74.4 ± 2.7 84.3 ± 2.6
PC20 (mg/ml) 0.5 ± 0.2┼ N/A 1.8 ± 0.4┼ N/A
ACQ 1.5 ± 0.2 N/A 1.3 ± 0.1 N/A
Exacerbations per year 1.5 ± 0.5 N/A 1 N/A
Atopy (% positive) 100 25 83 60
Total Eosinophils 2.7 x 10^10 ± 1.5 9 x 10^9 ± 3.9 2.5 x 10^10 ± 1 N/A
Total Neutrophils 3.5 x 10^11 ± .48 4.5 x 10^11 ± 1.5 2.9 x 10^11 ± .3 N/A
Medications
Short acting beta agonist 4 N/A 7 N/A
Leukotriene modifier N/A N/A N/A N/A
Inhaled corticosteroid (ICS) N/A N/A N/A N/A
Antihistamine N/A N/A 3 N/A
Combination therapy (ICS/LABA) N/A N/A 1 N/A
Short acting anticholinergic N/A N/A N/A N/A
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*Mean ± SE; ┼Significant p<0.05.
N/A, not applicable.
TABLE 1 | Demographics for patients undergoing asthma phenotyping and blood genotyping for SP-A2.

rs1965708 SFTPA2 AA AC CC

Asthma Normal Asthma Normal Asthma Normal

Asthma/Normal 8 1 35 30 32 37
Males** 3 0 11 8 11 12
Females** 5 1 24 21 21 25
White 1 0 17 14 21 24
Black 5 1 16 14 8 10
Hispanic 0 0 0 0 2 1
Asian 2 0 2 2 1 2
Age* 36 ± 5.2 28 30 ± 1.6 31 ± 1.9 29 ± 2 29 ± 1.5
FEV1 (%)* 72.62 ± 3.4† 109 91.17 ± 2.2† 101.89 ± 2.6 87.77 ± 2.2 99.75 ± 1.9
FVC (%)* 81.62 ± 3.7¥ 117 99.5 ± 2.2¥ 105.92 ± 3.1 98.83 ± 1.6¥ 101.55 ± 2.0
FEV1/FVC (%)* 73.37 ± 1.9 80 75.62 ± 1.5 81.82 ± 1.3 75.09 ± 1.5 83.61 ± 1.1
PC20 (mg/ml)* 0.63 ± 0.35 16 1.23 ± 0.3 16.34 ± 0.3 0.91 ± 0.2 16
ACQ* 2.82 ± 0.2 N/A 1.19 ± 0.2 N/A 1.59 ± 0.1 N/A
Exacerbations per year* 1 N/A 1.14 ± 0.1 N/A 0.75 ± 5 N/A
Atopy (% positive) 75 0 93 37 84 47
Total Peripheral Eosinophils N/A N/A 1.78 x 10^10 ± 1 8.37 x 10^9 ± 0.8 3.25 X 10^9 ± 1.3 1.9^10^9 ± 0.4
Total Peripheral Neutrophils N/A N/A 2.58 x 10^11 ± 0.5 3.27 x 10^11 ± 0.5 6.29 X 10^10 ± 0.3 5.02 x 10^10 ± 0.5
Medications
Short acting beta agonist 7 N/A 33 N/A 29 N/A
Leukotriene modifier 2 N/A 2 N/A 3 N/A
Inhaled corticosteroid (ICS) 1 N/A 3 N/A 2 N/A
Antihistamine 3 N/A 10 N/A 11 N/A
Combination therapy (ICS/LABA) 3 N/A 5 N/A 5 N/A
Short acting anticholinergic 1 N/A N/A N/A N/A N/A
*Mean ± SE; **One participant did not specify gender.
†p = 0.002 AA < AC; ¥ p< 0.05; AA < AC and CC.
N/A, not applicable.
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copies (223K/K) of the minor allele were grouped for analysis.
Blood eosinophils were increased in participants with asthma
(p=0.002), but no significant association was observed in our
cohort for blood neutrophils. There was no significant
association between the SP-A2 SNP and blood eosinophils
or neutrophils.

Mice: SP-A2 Genetic Variation Influences
Protection Against IL-13
In order to determine the consequence of SP-A2 223Q and 223K
variations in vivo, we examined the response to IL-13 challenge
in humanized SP-A2 transgenic mice. These mice are devoid of
mouse SP-A and express either the human version of SP-A2
223Q or SP-A 223K at similar RNA gene expression and protein
levels, as described previously (15). There were no gross
differences in the humanized SP-A transgenic mice prior to
challenge and saline treated controls had similar levels of BAL
cells across all genotypes of mice examined which consisted
of >95% macrophages (Figure S1).

When challenged with IL-13, there were significantly more
total cells in BAL of SP-A-/- mice as compared to WT mice
(Figure 1A), which was contributed by increases in
macrophages, neutrophils and eosinophils (Figures 1B–D).
However, mice that were homozygous for human 223Q had
significantly decreased total BAL cells (Figure 1A) as compared
to SP-A-/- mice; the differential counts were not significantly
different from WT mice (Figures 1B–D). In contrast, mice
homozygous for 223K, had less protection as defined by total
cells in BAL when compared to SP-A-/- mice and 223Q/Q mice.

After IL-13 challenge, the 223Q-expressing mice had
significantly less mucin production as compared to SP-A-/-

mice and were similar to WT mice (Figures 1E, F). There
were no differences in mucin production in the saline control
mice across the different genotypes (data not shown). Since we
had previously determined that SP-A regulated Stat3
phosphorylation in response to IL-13 (4), we next wanted to
assess whether there were differences in Stat3 phosphorylation in
the lung tissue of the humanized mice challenged with IL-13. As
shown in Figures 1F, G, there was significantly more Stat3
phosphorylation in lungs from IL-13 challenged 223K mice as
compared to WT mice. There was no discernable difference in
Stat3 phosphorylation when comparing 223Q mice to WT mice.

Humans: SP-A2 Genetic Variation
Modulates Protection Against IL-13 in
Epithelial Cells
Previously, we have shown that SP-A extracted from participants
with mild asthma is dysfunctional in the immune regulation of
pathogens (2). One possibility for defective function of SP-A in
asthma is genetic variation in the setting of type 2 inflammation.
Since our clinical data showed an association between the SP-A2
SNP, asthma status and lung function, we further tested the ability
of two SP-A recombinant genetic variants (full-length containing
either 223Q or 223K) to suppress inflammation to IL-13 ex vivo.
We used an affinity purification procedure, which requires the C-
type lectin activity of the protein be functional, thus ensuring that
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we are purifying properly folded and active forms of SP-A. We
observed minimal responses from IL-13 challenged cells derived
from normal participants (Figure 2A). However, IL-13 challenged
bronchial epithelial cells from a separate cohort of asthmatic
participants (see Table 2 for demographics) resulted in an
approximately 30-fold increase in MUC5AC when the cells were
exposed over the course of 5 days. When co-cultured with
recombinant SP-A2 223Q at a physiologic concentration (20 mg/
ml), MUC5AC expression was significantly attenuated in the IL-
13 challenged/exposed cells derived from asthmatic participants
(p=0.029), whereas the SP-A2 223K variant was not as effective
(p=0.157) (Figure 2A). Further examination of common variants
in SP-A2 at position 223 revealed that variants 223Q and 223K,
which had different effects against MUC5AC, bound to IL-13
similarly (Figure 2B) suggesting the function of SP-A2 is
independent of binding to IL-13.

Mice: Development and In Vivo Testing of
SP-A Peptides on Inflammation in an
Asthma Model
The use of house dust-mite is a well-established model of allergic
airways disease in mice that is known to induce recruitment
of eosinophils, mucin production and enhance airways
hyperresponsiveness. To test the SP-A 20-mer and 10-mer
peptides on inflammation associated with allergic airways
disease, SP-A deficient mice were challenged with HDM
on days 0, 7 and 14 as described in Figure 3A. At day 15, when
inflammation is at a maximum, 1 dose of SP-A peptides (20-mer
or 10-mer, both containing Q from site 223) or vehicle were
delivered. The timing of this model and dosing were based on our
previous study in which full-length SP-A was given at the peak of
eosinophils (24 hrs after the last challenge) and eosinophils
assessed in BAL 4 days later (22). Eosinophils and mucin
production were examined four days after peptide therapy as an
indicator of inflammation. As demonstrated in Figure 3B, both
the 20-mer and the 10-mer resulted in significantly decreased
eosinophils in the BAL as compared to the vehicle treated control.
There were no eosinophils detected in the BAL of control non-
HDM challenged mice that received vehicle (Figure S1). In
addition, treatment with either the 20-mer or the 10-mer led to
significanlty reduced mucin production as detected in PAS stained
lung histology (Figures 3C, D). There were no differences in
mucin production in the non-HDM challenged mice that received
vehicle or SP-A peptides (not shown).

Mice: In Vivo Testing of SP-A Peptides on
Airway Hyperresponsiveness in an
Asthma Model
In another set of experiments, pulmonary function tests (PFTs)
during methacholine challenge were carried out in WT male
mice and we chose to use the 10-mer peptide since we anticipate
the smaller peptides will be easier to deliver with the use of
inhalers in future drug development models. For these studies,
mice were challenged with HDM on days 0, 7 and 14 as described
in Figure 4A. Twenty four hours after each HDM challenge,
mice received either vehicle or SP-A peptides (10-mer). We
July 2022 | Volume 13 | Article 900022
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FIGURE 1 | Genetic variation in SP-A2 determines extent of protection against IL-13 induced inflammation in humanized SP-A transgenic mice. BAL cells from
(A) IL-13 challenged mice, which consisted of and (B) macrophages, (C) neutrophils and (D) eosinophils. (E) PAS scored lung histology from IL-13 challenged mice.
N=12 WT; 15 SP-A-/-; 8 SP-A223Q/Q; 12 SP-A223K/K per group from 3 separate experimental repeats. *p < 0.05, **p < 0.01, ***p < 0.001. ****p < 0.0001 by
One-way Anova with Dunnett’s test for multiple comparisons. (F) Representative PAS images of each genotype treated with IL-13. (G, H) Stat3 phosphorylation by
Western blot and densitometry from representative lung samples; *p<0.05 by One-Way Anova with Tukey’s multiple comparisons.
A B

FIGURE 2 | Genetic variation in SP-A2 determines extent of protection against IL-13-induced inflammation from bronchial epithelial cells from asthmatic participants.
(A) MUC5AC RNA expression from bronchial epithelial cells (n=3 normal, n=3 asthma) grown at ALI and treated with IL-13 for 5 days in the presence of absence of
full-length recombinant SP-A2(223K) (20 mg/ml) or SP-A2(223Q) (20 mg/ml) that were added 30 min prior to challenge. After standardization to the housekeeper
gene, data are displayed as fold relative to the non-IL-13 challenged control for each respective patient set, with the standard deviation shown. Average fold change
and standard deviation are displayed. *p < 0.05. (B) Genetic variants of SP-A2 that differ only at position 223 (Q and K) were examined for relative binding to IL-13
relative to extracted human oligomeric control SP-A.
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chose to deliver a dose of our test peptides after each HDM
challenge in order to assess their impact on overall lung function
and not merely clearance of eosinophils, which are but one of
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several contributors to the asthma phenotype. PFTs were
assessed four days after the last SP-A treatment. HDM
provoked an elevated response to methacholine compared to
the negative control saline treated mice (Figure S1). The
resistance of the respiratory system (Rrs), which reflects the
overall airflow resistance at the breathing frequency, was
significantly decreased in the SP-A peptide treatment group as
compared to vehicle control group (Figure 4B). This
measurement includes a contribution from the conducting and
peripheral airways, the tissue, and the chest wall. In addition, the
Newtonian resistance (Rn), which is dominated by the resistance
of the large conducting airways not involved in gas exchange, was
also significantly reduced in the peptide treated group as
compared to the vehicle treated group (Figure 4C).

The respiratory system elastance (Ers), which quantifies the
overall stiffness of the entire respiratory system during tidal
breathing was also significantly reduced at the highest doses of
methacholine challenge in the peptide treated group as
compared to the vehicle treated group (Figure 4D). Finally,
tissue damping (G), which reflects a measure of the amount of
energy that is lost within the tissues as a result of friction and
includes resistance to air flow in the peripheral airways, was
significantly reduced at the highest doses of methacholine
challenge in the peptide treated group as compared to the
vehicle treated group (Figure 4E).

Mice: In Vivo Testing of SP-A Peptides on
Pulmonary Function During Non-allergic
IL-13 Challenge
In order to test whether the SP-A 10-mer was effective in a non-
allergic model of asthma, we tested the SP-A peptides (10-mer) in
the IL-13 challenge model. For this, WT male mice were
challenged with vehicle or IL-13 by oropharyngeal delivery for 3
A

B

D E

C

FIGURE 4 | HDM-challenged WT mice treated with SP-A peptides have
reduced sensitivity to methacholine challenge. (A) WT male mice challenged
intra-nasally with HDM on days 0, 7, and 14. On days 1, 8 and 15 mice were
divided into groups and given either vehicle or SP-A peptides (10-mer, 25 mg/
ml, ~1 mg/kg body weight) via oropharyngeal instillation. On day 19,
pulmonary function tests during a methacholine challenge were performed
while mice were under anesthesia. (B) Total airways resistance (Rrs),
(C) Newtonian resistance (Rn), (D) total airways Elastance (Ers) and (E) tissue
damping (G) were assessed by flexivent. Data graphed are mean +/- SEM.
n = 12,12, *p < 0.05, **p < 0.01 by t-test at each indicated dose.
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FIGURE 3 | HDM-challenged SP-A deficient mice treated with SP-A peptides have reduced hallmarks of inflammation. (A) SP-A deficient mice challenged intra-
nasally with HDM on days 0, 7, and 14. On day 15 mice were divided into groups and given either vehicle or SP-A peptides (10-mer or 20-mer) via oropharyngeal
instillation at 25 mg/ml concentration (~1 mg/kg body weight). On day 19, mice were sacrificed and (B) eosinophils in the BAL and (C) mucin production in (D) lung
histological sections were assessed. n = 10,10, **p < 0.01, ***p < 0.001 by One-way Anova for multiple comparisons.
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consecutive days. Two hours after each IL-13 challenge, mice
received either vehicle (saline) or SP-A 10-mer peptide (25 mg)
also via oropharyngeal delivery. Pulmonary function tests were
conducted on day 4 on a Flexivent machine (SCIREQ) with the
negative pressure-driven forced expiration (NPFE) extension.
Since IL-13 is such a strong inducer of lung function decline by
non-allergic mechanisms, a methacholine challenge was not
necessary to determine the effectiveness of SP-A peptides in this
model. As shown in Figure 5, IL-13 challenge resulted in
significantly increased Newtonian resistance (Rn) and decreased
forced expiratory volumes (FEV) at 0.05, 0.1 and 0.2 seconds.
Treatment with SP-A 10-mer peptide led to significant protection
against IL-13-induced increase in Rn and decreases in FEV across
all time points assessed.

Humans: Small SP-A 20-mer Peptide
Attenuates IL-13 Induced MUC5AC in
Epithelial Cells From Asthma
Since our findings in asthmatic participants as well as mouse
models indicated that SP-A2 expressing glutamine at position
223 was active in reducing type 2 inflammation, we sought to
determine if our small peptides encompassing the 223 area of
interest have activity in human cells from asthmatic participants.
Based on our previous findings with 20 amino acid peptides
spanning this region, we tested the 20-mer containing a
glutamine at position 223 with surrounding amino acids
identical to those in endogenous SP-A (23) and also a
shortened 10-mer version. Bronchial epithelial cells obtained
from normal and asthmatic participants were exposed to IL-13 in
the presence of SP-A 20-mer, 10-mer or vehicle and assessed for
MUC5AC by RT-PCR. Assessment of treatment (vehicle vs SP-
A-mer) was done for the same set of patient cells and graphically
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displayed as a fold change over their respective control, which is
the level of MUC5AC in a non-challenged control set of wells. As
shown in Figure 6, MUC5AC gene expression was significantly
reduced in asthmatic and normal participants with SP-A 20-mer
treatment as compared to IL-13 with vehicle (p=0.004).
DISCUSSION

We recently published that SP-A decreases mucin secretion and
inflammation in response to IL-13 challenge using a
combination of SP-A deficient mice and primary human
airway epithelial cells from participant with and without
asthma (4). In mice lacking SP-A, we demonstrated that IL-13
significantly increased airway neutrophil and eosinophil
recruitment and mucin production compared to WT mice.
Likewise, phenotypes observed in human primary cells grown
at an ALI and exposed to IL-13 were significantly reduced when
SP-A was administered alongside IL-13 (4). Mechanistically, we
showed that SP-A modulated IL-13-induced inflammation via
mediating downstream IL-6/Stat3 signaling. While we have
previously shown that SP-A demonstrates anti-inflammatory
effects relevant to asthma, our new findings suggest there is
genetic heterogeneity in these functions.

In this report, we first identified a polymorphism at position
223 of the CRD of SP-A2 peptide as relevant to asthma based
upon human SP-A2 gene sequencing. Participants with two
copies of the SNP rs1965708, which results in a substitution
of a glutamine for a lysine at position 223 of SP-A2 peptide, were
more likely to have lower lung function and worse asthma
control, as discussed in the results section. To further
investigate the functional significance of this SNP, we bred
FIGURE 5 | IL-13-challenged mice treated with SP-A 10-mer peptide have improved lung function. WT male mice were challenged with vehicle (saline) or IL-13 (3.9 mg)
by oropharyngeal delivery for 3 consecutive days. Two hours after each IL-13 challenge, mice received either vehicle (saline) or SP-A 10-mer peptide (25 mg/ml; ~1mg/kg
body weight) via oropharyngeal delivery. Pulmonary function tests were conducted on day 4 on a flexiVent machine (SCIREQ) with the negative pressure-driven forced
expiration (NPFE) extension. IL-13 challenge resulted in significantly increased Newtonian resistance (Rn) and decreased forced expiratory volumes (FEV) at 0.05 seconds.
Treatment with SP-A 10-mer peptide protected against IL-13 induced increase in Rn and decreases in FEV. Average mean +/- SEM is graphed, n= as shown from 2
independent experiments. *p < 0.05, ***p < 0.001 by ANOVA for multiple comparisons.
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mice to express two copies of the major or minor allele of
this SNP (15). Similar to what we observed in humans, the
mice expressing two copies of the minor allele where a glutamine
(Q/Q) was substituted for a lysine (K/K), these mice were not
as protected from IL-13 challenge with increased inflammation
compared to the mice expressing two copies of the major
allele (Q/Q).

Recognizing the importance surrounding this amino acid
change, we created 10- and 20-mer SP-A2 peptides that
included position 223 from the CRD in order to determine if
replacement of SP-A with a functional variant would modulate
endpoints relevant to asthma. We chose this particular region of
the CRD based on our findings in asthma patients as described
above and based on our studies in which full-length SP-A that
contains the Q at position 223 was able to induce eosinophil
apoptosis, which was CRD-dependent, while SP-A containing K
at position 223 was not active in this function, as we reported
previously (22). Here we report that the CRD-containing
peptides that included Q at position 223 were effective at
reducing inflammation in SP-A deficient during HDM
challenge, reducing AHR in WT mice following HDM
Frontiers in Immunology | www.frontiersin.org 10123
challenge, and protecting from lung function decline in WT
mice following a high dose IL-13 challenge. Lastly, we also show
that the Q variant is more effective than the K variant at
inhibiting Stat3 phosphorylation in SP-A deficient mice
challenged with IL-13, suggesting a possible mechanism of
action of the SP-A peptides.

Reports over the last decade have linked SP-A and asthma.
Pastva and colleagues showed in 2011 that SP-A deficient mice
sensitized and challenged with OVA manifested a robust type 2
inflammatory response with increased airway eosinophils,
interleukin-4, 5 and IgE (24). Our group showed that SP-A
extracted from bronchoalveolar lavage (BAL) from participants
with asthma ineffectively reduced inflammation due to M.
pneumoniae infection of airway epithelial cells compared to SP-
A extracted from participants without asthma (2). Additionally,
we reported that SP-A levels in BAL are reduced in asthmatic
participants who are obese, and this reduction correlated with BMI
and asthma status (3). These data, coupled with our recent report
demonstrating inhibition of Stat3 phosphorylation by SP-A as a
potential mechanism suggest that SP-A exhibits immune
modulatory effects in asthma. We report here that the effects are
not uniform across all genotypes of SP-A as K at position 223 of
SP-A2 results in reduced phosphorylation of Stat3 as compared to
the Q variant. These observations have allowed creation of a
construct that replacement of SP-A with the more effective variant
may be a possible treatment for asthma.

Our report has several limitations. It is certainly possible that
other variants of SP-A1 and 2 may also exhibit immune
modulatory effects in diseases such asthma. We chose to study
the SP-A2 variant with an amino acid substitution at position
223 based upon genotyping of a relatively small cohort
of asthmatic participants with type 2 asthma. We did
not compare peptide 223Q to 223K as we focused our 10 and
20-mer peptide experiments on the use of 223Q based upon our
full-length SP-A and humanized mouse model data showing
efficacy. Additionally, we acknowledge that our SP-A
replacement/rescue experimental data may be slightly more
compelling than the data from transgenic mice, which may be
due to concentrations delivered to the source of inflammation
given that we can give higher doses of peptides as opposed to the
endogenous levels of SP-A that are expressed in the mice. Third, at
this early time in development, we do not know the stability and
half-life of our peptides in these model systems, which will be the
focus of future studies. Finally, we also realize that inhibition of
Stat3, as reported here and in our recent publication (4), may be
one of many mechanisms, as SP-A is also known to exhibit
immune modulatory functions in macrophages, eosinophils,
mast cells and dendritic cells (21, 25, 26).

In summary, we report that SP-A exhibits genetic
heterogeneity of function in models of HDM and IL-13
exposure. Using mouse models and primary human lung
epithelial cells, a particular region of SP-A2 that includes
position 223 has efficacy regarding inhibition of airway
inflammation, MUC5AC gene expression and mucin
production. Additionally, we provide evidence that our SP-A-
derived peptides reduce one of the key features of asthma, a
FIGURE 6 | Primary human lung epithelial cells treated with SP-A peptides
have reduced IL-13 induced MUC5AC gene expression. Primary human
bronchial epithelial cells derived from normal and asthmatic participants were
incubated for 30 minutes with either 20-mer or 10-mer SP-A peptide (20 mg/ml)
before stimulation with IL-13 (10 ng/ml) for 5 days. When taken together
(asthma and normal cells), MUC5AC gene expression was significantly reduced
in the SP-A 20-mer treatment group compared with IL-13 alone (p=0.004).
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reduction in bronchoconstriction to methacholine challenge, in
two mouse models. We have evidence that SP-A does this
through interactions on two key cell types: eosinophils and
epithelial cells. SP-A induces eosinophil apoptosis which is in
line with the reduced eosinophilia detected in the peptide treated
mice in the HDMmodel (22). Furthermore, SP-A works through
a newly discovered receptor on eosinophils for this activity,
MYADM, which may also be the therapeutic target for the
peptides in the HDM model (27). SP-A works directly on
epithelial cells to reduce STAT-3 signaling, which may also be
true of the SP-A peptides, however additional testing is needed
(4). A reduction in STAT-3 signaling leads to less inflammatory
cytokine production and less mucus- key features we observe
with our peptide treatment. While the effect of these SP-A2
peptides in the setting of oropharyngeal delivery of IL-13 and
HDM and cellular exposure of IL-13 are interesting, more work
is needed to determine if SP-A peptides delivered by aerosol are a
viable therapeutic strategy for human disease.
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Hydrophilic But Not Hydrophobic
Surfactant Protein Genetic Variants
Are Associated With Severe Acute
Respiratory Syncytial Virus
Infection in Children
Lynnlee C. Depicolzuane1, Catherine M. Roberts1, Neal J. Thomas1,
Keenan Anderson-Fears2, Dajiang Liu2, João Paulo Pereira Barbosa3,
Felipe Rodrigues Souza3, André Silva Pimentel 3, Joanna Floros1,4*
and Chintan K. Gandhi1*

1 Center for Host defense, Inflammation, and Lung Disease (CHILD) Research, Department of Pediatrics, The Pennsylvania
State College of Medicine, Hershey, PA, United States, 2 Department of Public Health Science, The Pennsylvania State
College of Medicine, Hershey, PA, United States, 3 Departamento de Quı́mica, Pontifı́cia Universidade Católica do Rio de
Janeiro, Rio de Janeiro, Brazil, 4 Department of Obstetrics & Gynecology, The Pennsylvania State College of Medicine,
Hershey, PA, United States

Respiratory syncytial virus (RSV) is the leading cause of lower respiratory tract infection-
related hospitalization in the first year of life. Surfactant dysfunction is central to
pathophysiologic mechanisms of various pulmonary diseases including RSV. We
hypothesized that RSV severity is associated with single nucleotide polymorphisms
(SNPs) of surfactant proteins (SPs). We prospectively enrolled 405 RSV-positive
children and divided them into moderate and severe RSV disease. DNA was extracted
and genotyped for sixteen specific SP gene SNPs. SP-A1 and A2 haplotypes were
assigned. The association of RSV severity with SP gene SNPs was investigated by
multivariate logistic regression. A likelihood ratio test was used to test the goodness of fit
between two models (one with clinical and demographic data alone and another that
included genetic variants). p ≤ 0.05 denotes statistical significance. A molecular dynamics
simulation was done to determine the impact of the SFTPA2 rs1965708 on the SP-A
behavior under various conditions. Infants with severe disease were more likely to be
younger, of lower weight, and exposed to household pets and smoking, as well as having
co-infection on admission. A decreased risk of severe RSV was associated with the
rs17886395_C of the SFTPA2 and rs2243639_A of the SFTPD, whereas an increased
risk was associated with the rs1059047_C of the SFTPA1. RSV severity was not
associated with SNPs of SFTPB and SFTPC. An increased risk of severe RSV was
associated with the 1A0 genotype of SFTPA2 in its homozygous or heterozygous form
with 1A3. A molecular dynamic simulation study of SP-A variants that differ in amino acid
223, an important amino acid change (Q223K) between 1A0 and 1A3, showed no major
impact on the behavior of these two variants except for higher thermodynamic stability of
org July 2022 | Volume 13 | Article 9229561126
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the K223 variant. The likelihood ratio test showed that the model with multi-allelic variants
along with clinical and demographic data was a better fit to predict RSV severity. In
summary, RSV severity was associated with hydrophilic (but not with hydrophobic) SPs
gene variants. Collectively, our findings show that SP gene variants may play a key role in
RSV infection and have a potential role in prognostication.
Keywords: respiratory sycytial virus, surfacant protein genetic variant, single nucelotide polymorphisms, SFTPA1,
SFTPA2, SFTPB, SFTPC, SFTPD
INTRODUCTION

Respiratory syncytial virus (RSV) is a major burden to the health
of children worldwide. It is the leading cause of lower respiratory
tract infection and hospitalization in the first year of life in
developed countries (1–5). In the United States, it is the most
common viral cause of death in children under 5 years of age.
While nearly all children are infected with RSV by 2 years of age,
only 2-3% of these need hospitalization and of the hospitalized
children, 5-10% require mechanical ventilation (2). In a small
subset of infants, the risk of death from RSV is as high as 1% even
in developed countries (5). Currently, there is no vaccine
available for the prevention of RSV infection. Passive
immunization is given using anti-RSV monoclonal antibody
prophylactically only to high-risk children; for example, to
those, who are born extremely premature (<29 weeks), with
certain types of congenital heart diseases, chronic lung disease,
and certain immunologic disorders (6).

RSV has a heterogeneous presentation and interactions,
among virus, host, and environmental factors, all of which
have been implicated in affecting RSV disease severity (7).
Though environmental factors, sex, and socioeconomic status
play a role in the severity of RSV, the underlying mechanisms of
this wide spectrum of contributing factors, have not yet been
understood. A study of > 12,000 twins showed that genetic
factors contributed approximately 20% in determining RSV
severity (8) and multiple genetic studies have shown RSV
bronchiolitis–associated loci in genes encoding proteins such
as surfactant proteins, toll-like receptors, Vitamin D receptor,
and various cytokines (9, 10). Thus, genetic variability may
partially explain the individual disease susceptibility to
RSV infection.

Pulmonary surfactant, a lipoprotein complex, is essential for
normal lung function. It prevents alveolar collapse at low lung
volumes by lowering the surface tension at the alveolar air-liquid
surface. Its components, and especially the surfactant proteins,
play important roles both in surfactant-related functions and in
innate immune host defense of the lung. In general, the
hydrophobic surfactant proteins (SP-B and SP-C) play
important roles in surfactant function and structure, and the
hydrophilic surfactant proteins (SP-A and SP-D) in innate
immunity, as well as in surfactant function (SP-A) (11–16).
Because of the diverse functions of the surfactant proteins, any
derangement in their structure, function, and/or composition
could lead to the development of a wide variety of
pulmonary disorders.
org 2127
Human SP-A is encoded by two functional genes, SFTPA1
and SFTPA2 (16, 17), and several genetic polymorphisms are
found frequently in the general population (16, 18–21). SP-B,
SP-C, and SP-D are each encoded by a single gene, SFTPB,
SFTPC , and SFTPD , respectively (22) , and several
polymorphisms have been described for each (23–26).
Moreover, SP genetic polymorphisms have been shown to
associate with RSV (27–30), as well as other pulmonary
diseases, such as neonatal respiratory distress syndrome (RDS)
(31–35), cystic fibrosis (CF) (36), chronic obstructive pulmonary
disease (COPD) (37, 38), acute respiratory distress syndrome
(ARDS) (23), hypersensitivity pneumonitis (39, 40), pediatric
acute respiratory failure (ARF) (41), and persistent respiratory
morbidity in pediatric ARF survivors (42). However,
the majority of previous RSV association studies with SP
genetic variants were case-control in design, comparing RSV-
infected children with healthy children without RSV infection
(27, 28, 30, 43). Predicting which infants are at risk of developing
RSV infection is less important because virtually all infants are at
risk. Hence, in the current study, we took the unique approach of
enrolling only RSV-infected children, regardless of their risk
factors, and categorizing them by their disease severity to study
associations of severe RSV infection with SP genetic variants.

We hypothesized that severe RSV infection is associated with
natural SP genetic variants and such associations, in addition to
clinical demographic information, may help to identify at-risk
children for severe RSV. We further hypothesized that the
genetic variation of two significant SP-A haplotypes has an
impact on the molecular dynamics of SP-A protein.
MATERIALS AND METHODS

Subjects: We prospectively enrolled and collected blood samples
from 416 children (ages between 7 days and 3 years old)
admitted with a diagnosis of RSV infection at two academic
children’s hospitals, Penn State Health Children’s Hospital and
the University of Virginia Children’s Hospital, during three
consecutive winters. The diagnosis of RSV was made by either
direct fluorescent assay or viral culture of nasopharyngeal swabs.
Clinical data were extracted from their medical records,
including demographics, risk factors for RSV infection, history
of parental smoking, pet exposure, length of stay, and
co-infections.

For this study, severe RSV was defined a priori as the need for
admission to the intensive care unit with or without mechanical
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ventilation. Children admitted to the general pediatric ward were
considered as having moderate RSV infection. In the current
study, 171 (42%) and 234 (58%) children were diagnosed with
moderate and severe RSV disease, respectively. We observed 32
(out of 171) and 123 (out of 234) cases of co-infection in
moderate and severe RSV groups, respectively. Out of the 32
cases of co-infection in the moderate RSV group, 8 cases were of
otitis media, 9 were with clinical and radiographic pneumonia of
unknown bacterial etiology, 2 cases of each Streptococcus
pneumoniae and staphylococcus aureus pneumonia, 3 cases of
influenza, 2 cases of sinus infection, 1 case of each adenovirus,
Moraxella catarrhalis, group b streptococcus urinary tract
infection, Hemophilus influenzae bacteremia, coagulase-
negative staphylococcus bacteremia, and clostridium difficile.
Out of the 123 cases of co-infection in the severe RSV group,
the majority of them were due to bacterial infection, n=112
(Hemophilus influenzae = 31, Moraxella catarrhalis = 27,
Streptococcus pneumoniae = 22, Staphylococcus aureus = 16,
Klebsiella pneumoniae = 4, Escherichia coli = 3, Bordetella
pertussis = 2, Enterobacter cloacae = 2, coagulase-negative
staphylococcus =2, Pseudomonas aeruginosa = 1, Neisseria
meningitidis = 1, Serratia marcescens = 1); 5 cases were each
of viral (influenza = 2, 1 case each of adenovirus, rhinovirus, and
parainfluenza) and fungal infections (candida albicans = 5) and 1
case of otitis media. The majority of the co-infections were due to
a wide variety of bacteria; hence, we have clumped them together
and adjusted them as a co-infection covariate.

For statistical analysis purposes, children with severe and
moderate RSV infection were considered as cases and controls,
respectively. The protocol to collect human samples in this study
was approved by the Human Subjects Protection Office of
The Pennsylvania State University College of Medicine and the
Institutional Review Board for Health Sciences Research at The
University of Virginia, and informed consent was obtained from
each parent or guardian.

DNA Isolation
The samples received from the participating sites, were
numbered sequentially upon arrival with no other identifiers.
DNA extraction and genotyping, each was performed in a
blinded fashion to reduce any potential bias. A total of 416
children were enrolled for the current study, however, eleven
subjects were excluded from analysis due to lack of genotyping
information secondary to degradation of the original sample
quality, leaving the final sample size of 405 subjects.

Genomic DNA was extracted from blood samples using
QIAamp Blood kit (Qiagen, Valencia, CA USA) following the
manufacturer’s instructions as described earlier (19).

Selection of Genetic Variants
A total of 16 target SNPs of SP genes, SFTPA1, SFTPA2, SFTPB,
SFTPC, and SFTPD were selected that included, 5 SNPs from
SFTPA1, rs1059047, rs1136450, rs1136451, rs1059057,
and rs4253527; 4 SNPs from SFTPA2, rs1059046, rs17886395,
rs1965707, and 1965708; 3 SNPs from SFTPB, rs2077079,
rs3024798, and rs1130866; 2 SNPs from SFTPC, rs4715
and rs1124; and 2 SNPs from SFTPD, rs721917 and rs2243639.
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Several acute and chronic pulmonary diseases of all age groups,
such as, neonatal RDS (31–35), CF (36), COPD (37, 38), ARDS
(23), hypersensitivity pneumonitis (39, 40), pediatric ARF (41),
and persistent respiratory morbidity in pediatric ARF survivors
(42) have been shown to be associated with the studied SNPs.
The SP-A1 (6A, 6Am, m=0-13) and SP-A2 (1A, 1An, n=0-15)
genotypes were assigned as described (19).

Genotype Analysis
We used polymerase chain reaction-restriction fragment length
polymorphism (PCR-RFLP), as described earlier (19), to analyze
SFTPA1, SFTPA2, SFTPD (19, 23), SFTPB (23, 36), and SFTPC (44)
gene polymorphisms. The PCR primer sequences and restriction
enzymes used are given in Supplementary Table 1 and the detailed
method is described elsewhere (36). This method was used for
genotyping of approximately half of the samples. The other half of
the samples were processed using a multiplexed polymerase chain
reaction workflow of Ampliseq utilizing custom designed panels
from Illumina, (Illumina, San Diego, CA) (Supplementary
Table 2). The library was prepared according to manufacturer’s
instructions. All reagents for the library preparation were from
Illumina, San Diego, CA, unless specified otherwise. Briefly, 20
nanograms ofDNA (in low EDTATE buffer solution, 10mMTris-
HCl +1 mM EDTA, pH 7.0) were used and mixed with 4.5 μl of
ampliseq Hi-fi mix (Illumina, San Diego, CA) and 2 μl of custom
primer design panels to a final volume of 20 μl (Supplementary
Table2).PCRwasperformedat99°Cfor2min, 21 cyclesof99°C for
15 seconds, and 60°C for 8 minutes (instead of 4 minutes
recommended in manufacturer’s instructions) to optimize
amplification of the studied genes. Next, we used 2 μl of the FuPa
Reagent (Illumina, San Diego, CA) to digest primer dimers and
amplicons. The library prep was vortexed and then centrifuged
briefly at 280 x g for 10 seconds. The following volumes of reagents
were added in the order listed to each sample (switch solution - 4 μl,
unique index adapters for each sample - 2 μl, andDNA ligase – 2 μl)
to the 22 μl of amplicons to make the final volume of 30 μl to ligate
the index adapters. The ligationprogramwas performed at 22°C for
30 minutes, 68°C for 5 minutes, and then at 72°C for 5 minutes.
Libraries were cleaned up using AMPure XP beads per
manufacturer’s instructions (Beckman Coulter, CA, USA) and
amplified a second time after adding 1X Lib Amp Mix (45 μl) and
10X Library Amp primers (5 μl) at 98°C for 2 min, 7 cycles of 98°C
for 15 seconds, 64°C for 1 minute. The second cleanup of libraries
was done usingAMPureXP beads as noted above and sequenced at
the Penn State College of Medicine Genome Sciences Facility
(Hershey, PA). SNPs, rs1059047, rs1136450, rs2243639, were not
included in the final analysis because it was challenging to make
appropriate calls with the sequencing method.

Statistical Analysis
Weuseddescriptive statistics to define the studypopulation and a t-
test to compare the two groups (moderate vs severe). For the genetic
analysis, we used a total of 5 dummy variables to represent the six
ancestral covariates, i.e. Hispanic, Black, Asian, others (Hawaiian
and Pacific Islanders), and Mixed. The sixth ancestral category,
White, was used as the baseline (0,0,0,0,0).Using these encodings as
well as additional covariates of sex, age, smoking exposure, pet
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exposure, and co-infection, logistic regression models were
constructed for each of the 16 SNPs using PLINK 2.0. Additional
models, both logistic regression (PLINK 2.0) and associations
(PLINK 1.9), were constructed via variation of the covariates as
well as including additional interaction and dominant/
recessive features.

Given that certain SNPs were in linkage disequilibrium,
permutation tests were used to correct for the multiple
comparisons. In each permutation, we shuffled the phenotype
so that the connections between the phenotype and the genetic
variants are broken and a null distribution can be generated. A
regression model is then run on each permuted dataset in the
same way it is used to analyze the original dataset. The minimal
p-value of all tested SNPs in each permuted dataset forms an
empirical distribution, which is used to determine the corrected
p-value after controlling for the family-wise error rate. The
corrected p-value for each SNP is determined by:

corrected P − value

= # of  Permuted minimal P − values > Original P − valueð Þ=
Total # of  Permutatationsð Þ

Odds ratios (OR) were calculated for the tested SNPs to
determine whether variants were associated with risk (> 1) or
protection (< 1). To test the 42 genotypes of multi-allelic variants
of SP-A1 and SP-A2 i.e., 1A/1A0, 6A/6A2, etc, a multivariate
logistic model was used including all covariates previously
described, following our published approach for analyzing
multi-allelic variants in genetic association studies (45). A
likelihood ratio test (LRT) was used to compare models of
clinical demographic data only and clinical demographic data
with genotype information to determine if the multi-allelic
variants are associated. Analysis was performed using the R
framework, with regression models using both PLINK 2.0 for
individual SNP tests and the stats package for multi-allelic
models and PLINK 1.9 for individual SNP association tests.
The lmtest package was used for likelihood ratio test.

Software Versions:
PLINK – 1.9 & 2.0
R (stats package included) – 4.0.2
Readxl – 1.3.1
Dplyr – 1.0.4
Tidyr – 1.1.2
biomaRt – 2.44.4
forcats – 0.5.1
Biobase – 2.48.0
lmtest – 0.9-48
data.table – 1.14.0
kableExtra – 1.3.4

Molecular Modeling of Human SP-A
Next, we studied the impact of rs1965708 on the molecular
dynamics of SP-A. This SNP changes a glutamine (Q) to lysine
(K) at amino acid position 223 of SP-A2. The rationale for
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studying this particular SNP is based on the following: a) a
previous association of RSV with the SFTPA2 rs1965708 has
been observed (43); b) in the current study an association of RSV
severity with SP-A2 protein variants was observed, as assessed by
the logistic regression analysis (see results below); and c) the
location of the rs1965708 SNP is in the SP-A C-terminal
carbohydrate recognition domain (CRD), a region shown to
bind carbohydrates on the surface of pathogens in a calcium-
dependent manner to enable neutralization and clearance of
pathogens including RSV (16, 46).

The three-dimensional structure of human SP-A is not
available in any database, and one way to solve this problem is
to apply comparative/homology modeling. This modeling is
based on identifying the three-dimensional structure of known
proteins that resemble the structure of the query sequence,
producing an alignment between the amino acids of the
known structure and the amino acid sequence of the desired
structure (47, 48). To obtain the three-dimensional structure of
human SP-A, we used as a template, the crystallographic
structure of Rattus norvegicus SP-A, obtained from the protein
data bank (49), code 5FFT (50) with a resolution of 2.20 Å. We
obtained the SP-A three-dimensional structure through the
Swiss-Model server (48, 51–54), and compared and verified the
possible structural errors using the SPDB Viewer (55).

The SP-A variants investigated in the present study consisted
of amino acids 104-244 and as such, these variants enabled the
study of the amino acid change of interest at residue 223. The
variation occurring at the amino acid Q223 was studied by using
the PyMOL software by Schrödinger Inc. Applying the
mutagenesis tool, we chose the conformation of amino acid
K223. The molecular dynamics (MD) simulations of the SP-A
K223 and the Q223 variants followed the same protocol and
these simulations are described below. One of the smaller SP-A
oligomers is a trimer, consisting of three monomer subunits, two
SP-A1 and one SP-A2 monomers, i.e., a hetero-oligomer (56) or
a homo-trimer consisting of three monomers of either SP-A1 or
SP-A2 as shown by electrophoresis under non-denaturing
conditions (57, 58). All the gene-specific differences are found
in the collagen-like domain of SP-A, specifically at amino acid
positions 66, 73, 81, 85 (16, 20, 21). Because the structural
information of the first 100 amino acid residues of SP-A is not
available in any database, we focused our attention on residues
104-244 to perform MD simulations, as this region contains the
amino acid change at position 223 encoded by the rs1965708. An
SP-A trimer was created using three identical monomers. The
MD simulations mentioned below were performed once with
each trimer but we analyzed the data of the three monomers
separately in order to study the behavior of each SP-A trimer
under various conditions.

MD simulations were performed applying the bonded and
non-bonded parameters for the all-atom force field, OPLS-AA
(59). The tri-dimensional coordinates and topology of the
protein were generated by pdb2gmx, which is part of the
GROMACS 2019 package (60–63), and used in this work to
perform all MD simulations.
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Protein and calcium were placed in an octahedron-shaped
box, with a volume of 1393 nm3 and filled with 43602 water
molecules of the TIP4P model (64–66). Periodic boundary
conditions were applied on all axes of the box (67). The system
was submitted to the minimization step applying the steepest
descent algorithm with the convergence criterion of 100.00
kJ.mol-1.nm-1 or 20000 steps. The equilibration of pressure and
temperature was achieved with a time of 100 picoseconds (ps)
following a two-step through the simulation. Towards this we
used: (i) the canonical ensemble (NVT) (68), keeping the
number of particles, volume, and temperature constant, and
(ii) the isothermal-isobaric ensemble (NpT) (69), keeping the
number of particles, pressure, and temperature constant. After
the equilibration step, the systems were submitted to a
production step of 50 nanosecond (ns). All MD simulations
were performed at 310 K and 1 bar, using 2 fs of integration time
with the lists of pairs being updated at every 5 steps. The cut-off
for Lennard Jones and Coulomb interactions was between 0 and
1.2 nm. The leap-frog algorithm was used in the production step
with the Nose-Hoover thermostat (70) (t = 0.5 ps) at 310 K and
the Parrinello-Rahman barostat (68) (t = 2.0 ps) at 1 bar. All Arg
and Lys residues were assigned with positive charges and all Glu
and Asp residues were assigned with negative charges. The
Visual Molecular Dynamics (71) software were used to
visualize the simulation trajectories.

We analyzed the root-mean-square deviation (RMSD), the
root-mean-square fluctuation (RMSF), the radius of gyration,
hydrogen bond, Dictionary of Secondary Structure of Proteins
(DSSP), and principal component analysis (PCA), to assess the
conformational influence of the Q223/K223 on SP-A behavior.
The RMSD is calculated from the comparison of the overlap of
two structures, one of which is taken as a reference (72). For
example, in our work, each structure from the molecular
dynamic trajectory was compared to the initial structure. The
RMSF calculates the fluctuation of each atom of each amino acid
from its average position, indicating the flexibility of the amino
acids throughout the simulation. The radius of gyration of a
protein is the measure of the stability of protein folding. If a
protein is stably folded, it will likely maintain a relatively steady
value of radius of gyration (Rg). Hydrogen bonds were
determined based on the cutoffs of the angle formed between
the hydrogen, the donor atom and the acceptor atom and the
distance between the donor atom and the acceptor atom. The
DSSP computes the secondary structure for each time frame and
describes the stability of the secondary structure of proteins
throughout the simulation (72). PCA is a statistical technique
applied in molecular modeling to reduce the complexity of the
data that characterize dominant conformational movements in
proteins during molecular dynamics simulations (73). PCA
describes them through the significance of the collective
movements of the structure that are converted into main
movements during the molecular dynamics simulations, that
is, the number of dimensions necessary to describe the
conformation dynamics is reduced by decomposing its
movements from a larger spatial scale to those of a smaller
scale (74, 75). For this work, the default values of the gmx hbond
module were used from the Gromacs 2019 modules.
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The torsional entropy of the proteins was calculated using the
gmentro.py program (76). We generated a tabulated data file
from the dynamics angle trajectory. Using Gaussian mixtures of
the torsional data, gmentro.py was used to calculate the
configurational entropy from a conformational ensemble of the
whole SP-A structure (76).
RESULTS

A. Associations of Severe RSV Risk With
SP Polymorphisms and Demographic
Variables
Out of the 405 enrolled RSV-positive children, 171 (42%) and
234 (58%) children were diagnosed with moderate and severe
RSV disease, respectively. Table 1 shows the demographic data
describing the study population. There were no statistically
significant differences in sex, race, ethnicity, and measures of
risk factors previously known to be associated with severe RSV
disease (e.g. history of prematurity, congenital heart disease)
between the two groups (Table 1). The majority of the patients
(~ 85%) were white. Infants with severe RSV were more likely to
be younger, of lower weight, had exposure to household pets and
smoking; as well as more likely to have a co-infection on
admission. As one would expect, children with severe RSV
required a longer hospital stay and supplemental oxygen at
discharge (p < 0.05). The logistic regression analysis of the
clinical data showed that history of pet exposure (OR 3.05,
95% CI 1.25-7.46, p=0.014), and co-infection on admission
(OR 3.98, 95% CI 2.30-6.87, p < 0.001) were associated with
increased risk of severe RSV, whereas higher age was associated
with decreased risk of severe RSV (OR 0.89, 95% CI 0.84-0.94,
p < 0.001) (Figure 1).

The observed frequency distribution of the majority of SNPs
shown in Supplementary Table 3 was in Hardy-Weinberg
equilibrium. The logistic regression analysis of SNPs showed
that decreased risk of severe RSV associated with two SNPs, the
rs17886395_C allele of the SFTPA2 (OR=0.63, 95% CI 0.46-0.85,
p = 0.002) and the rs2243639_A allele of the SFTPD (OR 0.64,
95% CI 0.41-0.99, p = 0.045) after adjusting for significant
covariates (age, ethnicity, co-infection, smoke and pet
exposure), and increased risk of severe RSV with the
rs1059047_C (OR= 3.8, 95% CI 1.1-12.6, p=0.032) allele of the
SFTPA1 after adjusting for the same covariates (Table 2). As
shown in Supplementary Table 4, the logistic regression analysis
of genotypes after adjusting for the same covariates showed
similar association with RSV severity.

As shown in Figure 1, an increased risk of severe RSV was
associated with the SP-A2 1A0 variant in its homozygous (1A0/
1A0, OR=5, 95% CI 1.5-16.4, p = 0.009) or heterozygous form
with 1A3 (1A0/1A3, OR=7.2, 95% CI 1.1-47.2, p = 0.04).

To evaluate the overall addition of genotype information to
demographic data, a likelihood ratio test was done. The model
with the genotype information along with demographic data was
a better fit to predict disease severity compared to demographic
data alone (p = 0.029 and Chi sq of 57.445).
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B. Impact of the SFTPA2 SNP rs1965708
on SP-A Structure
This SNP encodes the only amino acid change that exists
between the SP-A2, 1A0 and 1A3 protein variants (16, 20, 77).
A glutamine (Q) in 1A0 is changed into a lysine (K) in 1A3 at
residue 223, which is located in the CRD of SP-A. Because, in the
present study, increased risk of severe RSV was associated with
1A0/1A0 and 1A0/1A3 genotypes, we sought to investigate the
impact of rs1965708 SNP on SP-A structural parameters via the
use of SP-A simulated structural data.
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We studied the RMSF of the Q223 and K223 SP-A variants
and Figure 2 shows the RMSF of the backbone and sidechain of
the Q223 and K223 variants. In the RMSF data, although the
position of peaks did not differ significantly between Q223 and
K223, we observed that the major peaks are in general, greater for
Q223 compared to the K223 SP-A variant. The region around
amino acid 223 (the site of variation), has more intense peaks
indicating a region with great atomic movement. Furthermore,
the RMSF values of each of the three identical monomers present
in each trimer (Q223 or K223) analyzed did not differ
significantly. The sidechain of both Q223 and K223 SP-A
monomers showed higher RMSF values than the backbone
(Figure 2) indicating a greater fluctuation of the sidechain
atoms compared to the protein backbone.

The thermodynamic data on the torsional entropy show a
larger entropy value for the K223 compared to Q223 SP-A
variant (Table 3). Although entropy change in the variant
process (DSmutation) seems small (< 70 J K-1 mol-1), it is not
negligible and indicates larger stability of the K223 compared to
the Q223 SP-A variant. These observations may also be
associated with a greater fluctuation mostly in amino acids of
the backbone and sidechain atoms of the K223 compared to the
Q223 variant.

We did not observe a major difference in the RMSD of the
center of mass in either Q223 or K223 SP-A (Supplementary
File 1), indicating that the amino acid change at the specific site
(223) at the protein chain does not significantly influence atomic
movement in relation to the center of mass. Furthermore, there
were no major differences, among the three monomers of each
trimer (Q223 and K223), in the radius of gyration (a measure of
protein folding stability), the DSSP (a description of secondary
structure stability), hydrogen bonds (a measure of overall protein
TABLE 1 | Demographics of the cohort stratified by moderate and severe RSV disease.

Variable Whole cohort (n = 405) Moderate RSV (n = 171) Severe RSV (n = 234) p value

Demographics
Age on admission (months) 4 ± 5.3 5.35 ± 6.7 3 ± 3.7 <0.001
Weight on admission (kilogram) 5.5 ± 2.4 6.1 ± 2.8 5 ± 2.1 <0.001
Female/male (%/%) 218/187 (54/46) 88/83 (52/48) 130/104 (56/44) 0.45
Non-white race (%) 64 (16) 25 (15) 39 (17) 0.71
Hispanic ethnicity (%) 86 (21) 36 (21) 50 (22) 0.96

Past history (%)
Prematurity 96 (24) 44 (26) 52 (22) 0.43
Cardiac disease 23 (6) 8 (5) 15 (6) 0.62
NICU admission 75 (19) 37 (22) 38 (16) 0.18
Congenital anomalies 29 (7) 16 (9) 13 (6) 0.1
Family history of asthma 166 (41) 77 (45) 89 (38) 0.14

Environmental exposures
Exposure to household smoking 53 (13) 15 (9) 38 (16) 0.03
Pet exposure 53 (13) 8 (5) 45 (19) <0.001
Co-infection 155 (38) 32 (19) 123 (53) <0.001

Hospital days 8.9 ± 9.9 3.8 ± 2.3 12.7 ± 11.5 0.000
Duration of support (n=237)
Ventilator days 5.7± 5.1 5.7± 5.1
PICU days 7.8 ± 6 7.8 ± 6

Outcomes: Discharged with
Supplemental oxygen 24 (6) 5 (3) 19 (8) 0.03
Oral/inhaled corticosteroids 43 (11) 23 (14) 20 (9) 0.08
Bronchodilators 141 (35) 68 (40) 73 (31) 0.08
July 2022 | Volume 13 | Article
RSV, Respiratory Syncytial Virus; NICU, Neonatal Intensive Care Unit; Mean ± SD.
FIGURE 1 | Forest plot represents predictors of severe RSV using
mutivariable logistic regression analysis. X-axis and Y-axis represents odds
ratio (OR) and variables, respectively. Dotted line represents OR of 1. Based
on OR, 1A0/1A0, 1A0/1A3, pet exposure and co-infection are associated with
increase risk of severe RSV (OR > 1), whereas, older age is associated with
decreased risk of severe RSV (OR < 1).
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stability), and PCA (to reduce the complexity of the data that
characterize dominant conformational movements of the protein
during MD simulations). (Supplementary File 1).
DISCUSSION

Risk for RSV has been associated, in several studies, with genetic
variants including SP genetic variants. However, most of the
previous RSV association studies have used healthy children
without RSV infection as controls. In the current study, we took
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the unique approach of enrolling only RSV-positive children to
study association of disease severity with surfactant protein
genetic variants. Our findings indicated that 1) a decreased risk
of severe RSV is associated with the rs17886395_C of the
SFTPA2 and the rs2243639_A of the SFTPD, whereas, an
increased risk is associated with the rs1059047_C of the
SFTPA1. 2) RSV severity is not associated with the studied
SNPs of SFTPB and SFTPC. 3) An increased risk of severe
RSV is associated with the 1A0 haplotype of SFTPA2 in its
homozygous or heterozygous form with 1A3. 4) The model with
the SP genetic information along with demographic data is a
TABLE 2 | Severe RSV vs moderate RSV using the multivariate logistic analysis after adjusting for covariates (age, ethnicity, co-infection, smoke and pet exposure).

Gene Allele OR (95% CI) p value

SFTPA1 rs1059047_C 3.80 (1.1-12.6) 0.032
rs1136450_C 0.68 (0.4-1.3) 0.227
rs1136451_G 0.91 (0.3-2.7) 0.863
rs1059057_G 0.60 (0.1-2.4) 0.472
rs4253527_T 1.40 (0.5-3.9) 0.512

SFTPA2 rs1965708_A 0.58 (0.3-1.3) 0.187
rs1965707_T 1.50 (0.7-3.0) 0.273
rs17886395_C 0.63 (0.5-0.8) 0.002
rs1059046_C 1.00 (0.5-2.1) 0.916

SFTPB rs1130866_C 1.00 (0.7-1.5) 0.932
rs3024798_A 0.36 (0.1-1.0) 0.056
rs2077079_C 1.70 (0.6-4.4) 0.313

SFTPC rs4715_A 1.00 (0.5-2.0) 0.959
rs1124_A 0.96 (0.5-1.8) 0.894

SFTPD rs2243639_A 0.64 (0.4-0.9) 0.045
rs721917_C 1.20 (0.8-1.7) 0.427
July 2022 | Volume 13 | Article
SNP, single nucleotide polymorphism; OR, Odds ratio; CI, Confidence Interval; Bold text is statistically significant with p ≤ 0.05.
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FIGURE 2 | Root-mean-square fluctuation (RMSF) in the backbone and sidechain of the Q223 and K223 SP-A variants. SP-A homo-trimers consisting of three
identical monomers of SP-A1 or SP-A2 that included amino acids 104-224 were studied. The RMSF trimer data of each of the two variants (Q223 and K223) were
analyzed for each of the 3 identical monomers present in each trimer to study the behavior of SP-A trimer. (A–C) represent monomers 1, 2, and 3, respectively, for
Q223 trimer, and (D–F) represent monomers 1,2,3, respectively, for K223 trimer. The amino acid residue number is on the x-axis and RMSF is on the y-axis. The
backbone and sidechain of the Q223 variant, are depicted in orange and gray colors, respectively. Whereas, blue and green colors depict the backbone and
sidechain of the K223 SP-A, respectively. The position of peaks did not differ significantly between Q223 and K223 variants, however, the peak of each residue, in
general, is greater for Q223 compared to the K223. The region around amino acid 223 (the site of variation), has more intense peaks, indicating a region with great
atomic movement.
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better fit to predict RSV disease severity compared to
demographic data alone. 5) Based on the molecular dynamic
studies, the K223 SP-A variant is more stable than the Q223 SP-
A (the 1A3 haplotype has a lysine (K) and the 1A0 has a
glutamine (Q) at residue 223).

A decreased risk of severe RSV is associated with the
rs17886395_C allele of SFTPA2 (p < 0.002). This SNP results
in an amino acid substitution from alanine to proline at position
91 within the coding region (16, 20, 77). Similar to our findings, a
decreased risk of RSV in Finnish children (43) and a decreased
risk of RDS in white American neonates (35) was associated with
the same SNP. Although direct comparison between studies is
difficult, due to differences in study design, it is interesting that
the rs17886395_C allele is associated with decreased risk of RSV
and RDS in different populations and disease processes. It is
shown that replacing alanine with proline stabilizes collagen
triple helices due to conformational restrictions of the
pyrrolidine ring (78). Whether this affects the concentration of
a well-functioning SP-A and confers protection against severe
RSV, is unknown as direct experimental evidence is lacking.

An increased risk of severe RSV was associated with the
rs1059047_C of the SFTPA1 (p=0.032) in our study. This SNP
results in an amino acid substitution from valine to alanine at
amino acid position 19, also within the coding region (16, 20, 26,
77), although it may or may not be part of all the molecules of the
mature SP-A (57). Contrary to our observation, the
aforementioned Finnish study found a protective effect of
rs1059047_C on RSV disease (43). The difference in findings
between the two studies could be due to differences a) in sample
size (n=86 compared to n=405 in our study), b) definition of
cases and controls, and c) patient population. The Finnish study
used RSV-positive children as cases and healthy children without
RSV as controls. In contrast, we enrolled only RSV-positive
children and divided them between moderate (controls) and
severe (cases) RSV disease. The fact that all children get infected
with RSV by two years of age, it becomes less important to know
who is at risk of getting RSV infection because virtually all
children are at risk. For the current study, we enrolled only RSV-
positive children to study RSV associations with SP SNPs, and
determine who of the RSV-infected subjects is at risk for severe
disease. If our findings are replicated and validated
independently, the at-risk children for severe RSV could
receive disease-modifying treatments without delay and be
considered to receive prophylactic anti-RSV monoclonal
antibodies in the future. The antibody treatment bears a
considerable cost (79) and thus targeting it to those at the
highest risk makes economic sense.
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A decreased risk of severe RSV was associated with the
rs2243639_A allele of SFTPD (p=0.045). This SNP results in an
amino acid substitution from threonine to alanine at position
160 (26). Similar to our findings, previous studies have shown a
decreased risk of severe RSV to associate with the rs2243639_A
in the Chilean population (30) and in white American children
(28). Although the exact mechanisms of how this SNP confers
protection against severe RSV is not known, the rs2243639_A is
shown to associate with a decreased level of serum SP-D and
decreased risk of RDS in premature infants (80). Increased serum
SP-D concentration is associated with worst respiratory
outcomes in other viral infections, such as influenza and
COVID-19 (81, 82), presumably, due to alveolar injury
secondary to oxidative stress and infection. We did not
measure SPs concentration in our patient population, and
hence, we are unable to determine in the present study the
impact of the rs2243639, if any, on SP-D concentration and its
association with RSV.

An increased risk of severe RSV was associated with the 1A0

haplotype of SFTPA2, in its homozygous (1A0/1A0) or in its
heterozygous (1A0/1A3) form. Previous studies have shown
varying associations of SFTPA2 haplotypes with RSV (28, 30,
43). In line with our observation, one study found an association
of increased risk of RSV with 1A0/1A3, but not with 1A0/1A0

(43). However, another study found an association of decreased
risk of severe RSV with the 1A0/1A0 (29). Although the latter
used the same definition for cases and controls as ours, the study
population was very different. In that study, approximately 65%
of the enrolled patients were African American compared to 85%
of Caucasian children in our study. Liu et al. showed differences
in frequencies of SP-A haplotypes based on race (83), therefore,
the contrasting findings between the two studies could be due to
baseline genetic differences in patient population. Furthermore,
the sample size (29) was lower (n=277) than that in our study
(n=405) and the authors compared the 1A0/1A0 genotype vs
other SP-A genotypes combined due to the low frequency of the
other haplotypes in their patient population (29). Nevertheless,
the majority of studies have found associations of SFTPA2
haplotypes with RSV (28–30, 43). Similarly, a previous
association study of SFTPA genetic variants with severity of
Influenza A virus showed that the 1A0 of the SFTPA2 was
associated with a need for mechanical ventilation, acute
respiratory failure, and acute respiratory distress syndrome in
an adult population (84). These findings are not surprising
because SP-A2 (encoded by SFTPA2) compared to SP-A1
(encoded by SFTPA1) exhibits higher activity in innate host
defense/inflammatory processes (16).

In addition to RSV infection, the same SNPs and haplotypes
have been studied with other infectious diseases such as
tuberculosis (85, 86), pneumonia (87), otitis media (88, 89),
and allergic bronchopulmonary aspergillosis (26, 90). Of interest,
none of the individual studied SNPs were associated with the
above-mentioned infectious diseases after correcting for
significant covariates. However, similar to our findings, an
increased risk of tuberculosis was associated with the 1A3

haplotype in Ethiopian (86) and Mexican (85) adult
TABLE 3 | First order entropy change (DSmutation) in the mutation process for
protein and for the backbone chain.

First order entropy (J K-1 mol-1)

Protein Backbone

Q223 SP-A 28331.24 28331.82
K223 SP-A 28400.87 28398.73
DSmutation 69.63 66.91
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populations. In the above-mentioned studies, there were other
haplotypes of SP-A1 and SP-A2 (but not of the 1A0 and the 1A3

that are observed in the current study) associated with
pneumonia, otitis media, and allergic bronchopulmonary
aspergillosis. Nonetheless, associations of SFTPA1 and SFTPA2
SNPs and haplotypes with infectious diseases other than RSV
underline the role of SP-A1 and SP-A2 in innate immunity and
host defense functions.

The only amino acid difference, between SP-A2, 1A0 and 1A3

variants, is generated by the rs1965708 SNP at residue 223, where
the amino acid is either a glutamine (Q) in 1A0 or a lysine (K) in
1A3 (16, 20). Glutamine is a neutral amino acid with a polar
amide group, whereas lysine is a positively charged amino acid
with a basic side chain. In simulation studies of molecular
dynamics, we did not observe any major difference in structure
or behavior of the SP-A variants, Q223 and K223, except a higher
stability of the K223 as assessed by its higher conformational
entropy compared to Q223 SP-A variant. In line with our
findings, no significant differences were observed between the
Q223K variants in a number of parameters studied in vitro,
including their ability to form stable secreted complexes,
oligomers, structural stability following limited proteolysis, and
other (91). Yet, a transgenic mouse model of asthma carrying this
SNP showed delayed resolut ion of eos inophi l s in
bronchoalveolar lavage fluid of SP-A2 223K/K and SP-A
knockout mice compared to SP-A2 223Q/Q > wild-type mice
(92). It is well known that severe RSV infection early in life can
predispose children to a later development of asthma (93, 94).
Taken together, we speculate that the 1A0/1A3 genotype
predisposes children to severe RSV secondary to decrease
binding and clearance of RSV and may predispose them to
develop asthma later in life. In the future, we plan to study the
impact of Q223K on the binding ability of SP-A2 to RSV and its
subsequent clearance.

Most importantly, a likelihood ratio test revealed that the
model that included information about the patients’ genetic
variants, along with clinical and demographic data is more
accurate at predicting severe RSV infection compared to the
model with only clinical and demographic data. The collective
observations in this study contribute to an important foundation
where, in the future, physicians could consider using this genetic
information in clinical decision-making for high-risk children
and identify those that may benefit from preventative measures
such as an anti-RSV monoclonal antibody or aggressive early
treatment such as surfactant replacement therapy.

Strengths of this study include the prospective study design
and the well-characterized demographic, illness, and
environmental exposure information for the cohort. There are
a few limitations of our study. First, the relatively moderate
sample size and homogeneous patient population may prevent
the generalizability of our findings. Second, we did not serotype
RSV in our patient population and RSV genetic variations may
have accounted for altered disease severity rather than the host
genetic variants (95, 96). Third, we used a direct fluorescent assay
and viral culture to diagnose RSV infection instead of molecular
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testing. Although this holds the possibility of introducing a few
false-positive results, a previous study has shown a good
correlation between the direct fluorescent assay and molecular
approaches, particularly for infants and young children (97).
Subclinical infections with RSV are not common. Importantly, in
the present study we have only enrolled children who were
symptomatic and required hospitalization, hence, RSV was likely
causally related to the illness. Therefore, we believe that the
method of RSV detection may not change our conclusion.
Fourth, we did not measure the level of inflammatory markers
or SPs in our patient population, hence, the impact of these SNPs
on these markers is unknown. Nonetheless, it is important that
the associations observed in the present study be strengthened
and validated by increasing the sample size and replicating the
findings in other groups of heterogeneous patient populations
with RSV, where measurements of other endpoints
are performed.

In summary, multiple single SNPs and haplotypes of
SFTPA1, SFTPA2 , and SFTPD genes, encoding the
hydrophilic SPs, but no SNPs or haplotypes of those (SFTPB
and SFTPC) encoding the hydrophobic SPs were associated
with RSV severity, indicating that SPs involved in innate
immunity and host defense, play an important role in RSV
severity. The model of genetic variants combined with
demographic data was a better fit for predicting RSV severity
than that of demographic data alone. This observation
strengthens the argument that genetic variants do play a role
along with environmental factors in the prediction of viral
illness severity in children.
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Cooperative action of SP-A
and its trimeric recombinant
fragment with polymyxins
against Gram-negative
respiratory bacteria

Juan Manuel Coya1†, Vı́ctor Fraile-Ágreda1†, Lidia de Tapia1,
Belén Garcı́a-Fojeda1, Alejandra Sáenz1, José A. Bengoechea2,
Nina Kronqvist3, Jan Johansson3 and Cristina Casals1*

1Department of Biochemistry and Molecular Biology, Complutense University of Madrid,
Madrid, Spain, 2Wellcome-Wolfson Institute for Experimental Medicine, Queen’s University Belfast,
Belfast, United Kingdom, 3Department of Biosciences and Nutrition, Neo, Karolinska Institutet,
Huddinge, Sweden
The exploration of therapies combining antimicrobial lung proteins and

conventional antibiotics is important due to the growing problem of

multidrug-resistant bacteria. The aim of this study was to investigate whether

human SP-A and a recombinant trimeric fragment (rfhSP-A) have cooperative

antimicrobial activity with antibiotics against pathogenic Gram-negative

bacteria. We found that SP-A bound the cationic peptide polymyxin B (PMB)

with an apparent dissociation constant (KD) of 0.32 ± 0.04 µM. SP-A showed

synergistic microbicidal activity with polymyxin B and E, but not with other

antibiotics, against three SP-A-resistant pathogenic bacteria: Klebsiella

pneumoniae , non-typable Haemophi lus influenzae (NTHi) , and

Pseudomonas aeruginosa. SP-A was not able to bind to K. pneumoniae,

NTHi, or to mutant strains thereof expressing long-chain lipopolysaccharides

(or lipooligosaccharides) and/or polysaccharide capsules. In the presence of

PMB, SP-A induced the formation of SP-A/PMB aggregates that enhance PMB-

induced bacterial membrane permeabilization. Furthermore, SP-A bound to a

molecular derivative of PMB lacking the acyl chain (PMBN) with a KD of 0.26 ±

0.02 mM, forming SP-A/PMBN aggregates. PMBN has no bactericidal activity

but can bind to the outer membrane of Gram-negative bacteria. Surprisingly,

SP-A and PMBN showed synergistic bactericidal activity against Gram-negative

bacteria. Unlike native supratrimeric SP-A, the trimeric rfhSP-A fragment had

small but significant direct bactericidal activity against K. pneumoniae, NTHi,

and P. aeruginosa. rfhSP-A did not bind to PMB under physiological conditions

but acted additively with PMB and other antibiotics against these pathogenic

bacteria. In summary, our results significantly improve our understanding of the

antimicrobial actions of SP-A and its synergistic action with PMB. A peptide

based on SP-A may aid the therapeutic use of PMB, a relatively cytotoxic

antibiotic that is currently being reintroduced into clinics due to the global

problem of antibiotic resistance.
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Introduction

Gram-negative respiratory infections are a persistent and

pervasive public health problem (1, 2). This problem has been

generated mainly by the uncontrolled expansion of respiratory

pathogens resistant to multiple families of antibiotics (3, 4), such

as Klebsiella pneumoniae, Pseudomonas aeruginosa, and

Haemophilus influenzae, some of which are listed as ESKAPE

pathogens (5, 6). The emergence of antimicrobial resistance in

respiratory pathogens limits current antimicrobial treatments,

leading to prolonged illness, higher health care expenditures,

and an increase in mortality and morbidity rates.

Some of the most well studied virulence factors contributing

to the pathogenicity and resistance of Gram-negative bacteria

are the polysaccharide capsule (CPS) and lipopolysaccharide

(LPS). CPS acts as an external barrier that protects bacteria and

mediates the interaction with their environment. LPS is

composed of a highly conserved and amphipathic part called

lipid A, an oligosaccharide core, and a variable domain of

repeated units of oligosaccharide called O-antigen (7). The O-

antigen is much longer than the core oligosaccharide and

contains the hydrophilic domain of LPS. Wild-type bacteria

species with O-chains are termed ‘‘smooth,’’ and hence their LPS

are called smooth LPS (S-LPS). Mutants that produce LPS

lacking O-specific chains are termed ‘‘rough’’ (R), and their

LPS are designated Ra, Rb, Rc, Rd, and Re in order of decreasing

core length (7). Both LPS and CPS cause the impermeabilization

of bacteria to hydrophobic antibiotics and prevent bacterial

recognition by the host’s immune system (8, 9). These

virulence factors are involved in bacterial resistance to

antimicrobial factors, including antimicrobial proteins and

peptides (AMPs) (10, 11).

Currently, clinical research has focused on development of

new alternative therapies for replacing and/or supporting classic

antimicrobial treatments to combat antibiotic resistance. In this

context, proteins and peptides of the innate immune system

have attracted huge clinical interest due to their ability to act

against these multidrug-resistant pathogens and their reduced

ability to induce new bacterial resistance compared to

conventional antibiotics (12–14). In addition, they show other

characteristics, including broad-spectrum activity, endotoxin

neutralization, and potential synergy with antibiotics (15, 16).
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Among human lung defense AMPs, surfactant protein A (SP-

A) is an oligomeric extracellular protein secreted into the airway

mucosa where it recognizes a great variety of immune and non-

immune ligands (17–19). SP-A binds to surfactant membranes

but also to membrane receptors present in epithelial and immune

cells, modifying their response to pathogens or other stimuli. SP-A

also recognizes pathogen-associated molecular patterns in some

microorganisms, such as the fungi Pneumocystis carinii and

Aspergillus fumigatus (20), the Gram-positive bacteria

Staphylococcus aureus (21) and Streptococcus pneumoniae (22),

respiratory syncytial virus (23), and influenza (24). By binding to

these pathogens, SP-A facilitates their clearance by macrophages

or recruited neutrophils (17, 19). SP-A-deficient mice show

decreased microbe clearance and increased tissue markers of

inflammation in the lung after infection with group B

Streptococcus, Klebsiella pneumoniae, Pseudomonas aeruginosa,

capsulated Haemophilus influenzae, respiratory syncytial virus,

adenovirus, and influenza virus (25, 26). Although it has been

suggested that SP-A has potent direct antibacterial activity in vivo,

in vitro data supporting direct antimicrobial activity of SP-A are

sparse. Respiratory pathogens like K. pneumoniae, Bordetella

pertussis, and P. aeruginosa are resistant to SP-A (27–31). It is

possible that multiple antimicrobial factors are released during

immune responses in vivo, and lung antimicrobials could act in

combination with SP-A. Consistent with this, we recently

discovered synergistic antimicrobial action between SP-A and

SP-BN, an anionic antimicrobial peptide secreted to the alveolar

fluid (32). Interaction between SP-A and SP-BN confers new

antimicrobial properties, including the ability to kill respiratory

pathogens such as K. pneumoniae and P. aeruginosa that are

resistant to either protein alone (30, 31).

Each SP-A subunit consists of an N-terminal segment

containing cysteine residues involved in oligomerization

followed by a collagen-like region, an alpha helical coiled neck

region, and a globular region with a carbohydrate recognition

domain (CRD) (17–19). SP-A is intracellularly assembled in

multiples of three subunits via its collagen domain. Its

supratrimeric assembly has an umbelliform-shaped structure of

six trimers like mannose binding protein or C1q (17–19).

Supratrimeric oligomerization of SP-A appears to be needed for

many of its functions since it facilitates multivalent binding and

increases the functional affinity of the globular domain for their
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ligands (33, 34). However, there are clear advantages of using the

smaller recombinant fragments of SP-A, in terms of ease of

production and delivery, if they are as effective as native SP-A.

In this study we use a recombinant trimeric fragment of human

SP-A1 (rfhSP-A), which lacks the N-terminal domain and most of

the collagen domain, to evaluate its bactericidal activity alone or in

combination with antibiotics. We previously showed that rfhSP-A

is highly effective in neutralizing respiratory syncytial virus (23).

We hypothesize that combinations of SP-A, or its

recombinant fragments, with antibiotics against Gram-negative

bacteria, such as polymyxins, could be an effective antibacterial

strategy. Polymyxins are relatively cytotoxic antibiotics that have

been reintroduced into clinics as the last-resort therapy for

severe MDR infections (35). Polymyxins are pentacationic

lipopeptide antibiotics expressed by Bacilus polymyxia, which

act only against Gram-negative bacteria. They carry five free

amino groups in a polycationic peptide ring and a tripeptide side

chain with a fatty acid tail (36). The main mechanism of action

consists of electrostatic interaction between the negative charge

of LPS and the positive charge of the peptide, followed by

insertion of the polymyxin molecule into the bacterial

membrane. The cyclic lipopeptide cross-links the outer

membrane and cytoplasmic bacterial membranes, leading to

permeabilization of both membranes and resulting in lysis and

cell death (36, 37). However, polymyxins’ mechanism is more

complex than their effects in membrane permeabilization

because polymyxins bind ribosomes, prevent cell division, and

inhibit bacterial respiration (37). Polymyxin derivatives have

also acquired great interest with the aim of reducing lipopeptide

toxicity and obtaining efficient antimicrobial therapies (38). For

example, polymyxin B nonapeptide (PMBN), a PMB derivative

that lacks the fatty acid tail and the N-terminal diaminobutyryl

residue, retains polymyxin B’s ability to bind to LPS and disturb

the outer membrane of Gram-negative bacteria. However,

PMBN has no bactericidal activity on its own and its use

depends on efficient combination with other antimicrobial

factors (38, 39).

The objectives of this article are to investigate i) the

bactericidal activity of human SP-A and rfhSP-A, produced in

a novel way using the spider silk derived solubility tag NT* (40,

41), against clinically relevant respiratory pathogens and

isogenic mutants, and ii) the synergistic or additive

antimicrobial activity of human SP-A and rfhSP-A with

antibiotics such as polymyxins against these respiratory

pathogens. Since SP-A is the most abundant protein in the

alveolar space, comprehensive understanding of protein-

polymyxin interactions would facilitate the development of

new therapies against respiratory infections by Gram-negative

bacteria, which induce airway attacks in patients who are elderly

or who suffer from chronic obstructive pulmonary disease

(COPD), cystic fibrosis, or asthma.
Frontiers in Immunology 03
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Material and methods

Materials

The antibiotics azithromycin (AZI), ciprofloxacin

(CIPRO), tetracycline (TC), polymyxin B (PMB), colistin

(PME) and PMB nonapeptide (PMBN) were obtained from

Sigma-Aldrich (St. Louis, MO, USA). Antibiotics were

prepared according to the manufacturer’s instructions; the

stocks of antibiotics were diluted in the corresponding

dilution media and were used on the same day of dilution.

The b-Nicotinamide adenine dinucleotide hydrate (b-NAD)

and hemin were obtained from Sigma-Aldrich. Sytox Green,

propidium iodide and 1,6-diphenyl-1,3,5-hexatriene (DPH)

fluorescent dyes were from Molecular Probes (Eugene, OR,

USA). The fluorescent dye 5 (6)-carboxyfluorescein

diacetate N-succinimidyl ester (CFSE) was obtained from

ThermoFisher Scientific (Waltham, MA, USA). Chocolate

agar plates for the growth of nontypeable Haemophilus

influenzae strains were from bioMérieux (Marcy l’Etoile,

France). Rough lipopolysaccharide (Re 595, Re-LPS) from

Salmonella enterica serotype Minnesota was obtained from

Sigma-Aldrich. Dipalmitoylphosphatidylcholine (DPPC) was

obtained from Avanti Polar Lipids (Birmingham, AL, USA).

All other reagents were obtained from Sigma-Aldrich.
Bacterial strains and growth conditions

K. pneumoniae 52145 (serotype K2:O1), nontypeable

Haemophilus influenzae strain 375 (NTHi), and P.

aeruginosa (PAO1) are clinical isolates, as previously

descr ibed (42–45) . The chemica l s t ruc ture of K.

pneumoniae and PAO1 capsules has been reported (46, 47).

Table 1 summarized K. pneumoniae 52145 wildtype (WT)

and isogenic mutants with or without capsule and expressing

a range of different LPS phenotypes used in this study. Table 1

also shows NTHi 375 and mutant strains with defects in outer

membranes (OM) used in this study. They were generated as

previously described (47–49). P. aeruginosa, K. pneumoniae

K2, and its mutant strains were grown in Luria–Bertani (LB)

broth at 37°C with continuous shaking to the exponential

phase. Frozen stocks of NTHi strains were thawed and then

grown on chocolate agar plates during 18 h at 37°C in a

humidified 5% CO2 atmosphere. Then, NTHi were grown to

the exponential phase on brain heart infusion broth (BHI)

supplemented with 10 µg/ml hemin and 10 µg/ml b-NAD

(sBHI) with continuous shaking at 37°C in a humidified 5%

CO2 atmosphere. Exponential-phase bacteria were then

harvested, resuspended in PBS, and adjusted to the desired

final concentration, as described in (30, 31).
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Isolation of human SP-A

Surfactant protein A was isolated from bronchoalveolar

lavage of patients with alveolar proteinosis using a sequential

n-butanol and octylglucoside extraction (30, 31, 33, 34, 50, 51).

The purity of SP-A was evaluated by one-dimensional SDS-

PAGE in 12% acrylamide under reducing conditions and mass

spectrometry. SP-A structure was analyzed by tryptophan

fluorescence and circular dichroism as in (30, 31, 33, 34, 50,

51). SP-A hydrodynamic diameter was determined by dynamic

light scattering as in (30, 51). The degree of SP-A

oligomerization was assessed by electrophoresis under

nondenaturing conditions, electron microscopy, and analytical

ultracentrifugation as reported elsewhere (33, 34). SP-A

consisted of supratrimeric oligomers of at least 18 subunits

(molecular mass, 650 kDa). Each subunit had an apparent

molecular mass of 36,000 Da. Endotoxin content of isolated

human SP-A was about 300 pg endotoxin/mg SP-A, as

determined by Limulus amebocyte lysate assay (Bio-Whittaker,

Walkersville, MD, USA).
Expression and purification of rfhSP-A

The recombinant trimeric fragment of human SP-A

(rfhSP-A) (molecular mass, 57 kDa), including the globular

carbohydrate recognition domain (CRD), neck, and 8 x Gly-

Xaa-Yaa repeats of the collagen stalk, was previously

expressed in fusion with the wild-type NT solubility tag and

purified by refolding (23). In the present study, rfhSP-A was

sub-cloned into a pT7 expression vector containing the NT*

tag N-terminally of the rfhSP-A (40, 41). A His6-tag was

included in the N-terminal of NT* to allow efficient

purification. The cleavage site for coxsackievirus 3C

protease was added between NT* and rfhSP-A to allow
Frontiers in Immunology 04
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removal of the tag after purificat ion. BL21 (DE3)

Escherichia coli containing the plasmid encoding NT*-

rfhSP-A were grown over night at 37°C in LB media

containing 70 mg/L kanamycin. 10 mL culture was used to

inoculate 1 L of LB medium with kanamycin and the cells

were grown at 30°C to OD600 ~ 0.9. Isopropyl b-D-1-

thiogalactopyranoside (IPTG) was added to a concentration

of 0.5 mM and protein was expressed for 20 h at 20°C. Cells

from 1 L culture were harvested by centrifugation at 4000 xg

for 20 min and the pellet was resuspended to 60 mL in 20 mM

Tris-HCl, 2 M urea, pH 8. The cell solution was sonicated

(Sonics VC505 ultrasonic processor, converter model CV334,

standard probe 13 mm) at 80% amplitude, 1 sec pulses, for a

total of 2 min 40 sec. After lysis, a clear supernatant was

obtained by centrifugation at 27,000 x g, 4°C for 30 min. The

supernatant was loaded to a Ni-sepharose column (GE

Healthcare) equilibrated with 20 mM Tris-HCl, 2 M urea,

pH 8. The bound protein was washed with Tris buffer

containing decreasing concentrations of urea (2 M, 1 M, 0.5

M and no urea) until the A280 baseline was reached. The

protein was eluted with 20 mM Tris-HCl, 300 mM imidazole,

pH 8 and imidazole was removed by over-night dialysis using

a Spectra/Por® membrane with a 6-8 kDa molecular weight

cut-off placed in 5 L of 20 mM Tris-HCl, pH 8 at 4°C. The

fusion protein was cleaved at 4°C overnight using 1:10 (w/w)

3C protease in the presence of 1 mM DTT. An over-night

dialysis was performed as described above to remove DTT,

and rfhSP-A was purified by reapplication to an IMAC

column to remove His-tagged NT* and 3C protease. The

protein was concentrated to 1.4 mg/mL using a Vivaspin 20

centrifugal tube with a 5 kDa molecular weight cut-off (GE

Healthcare). rfhSP-A identity was evaluated by one-

dimensional SDS-PAGE. LPS contamination was removed

by addition of polymyxin B-agarose to the rfhSP-A sample in

5 mM Tris, 150 mM NaCl, pH 7.4, at 1:5 (vol/vol). OGP (30
TABLE 1 Bacterial strains used in this study.

Bacterial strains Nomenclature in the text LPS Serotype CPS Ref

Klebsiella

K. pneumoniae 52145 wt Kp S-LPS CPS (K2) (42, 48)

52145-DwcaK2 wt Kp-CPS S-LPS – (10)

52145-DwabK Rc Kp+CPS Rc-LPS CPS (K2) (47)

52145-DwcaK2-DwabK Rc Kp-CPS Rc-LPS – (48)

52145-DwaaC Re Kp-CPS Re-LPS – (48)

Haemophilus

Nontypeable H. influenzae 375 wt-NTHi S-LOS – (44, 49)

375 DlgtF-DlpsA Rc-NTHi Rc-LOS – (49)

375 DopsX Re-NTHi Re-LOS – (49)

Pseudomonas

P. aeruginosa PAO1 S-LPS CPS (Alginate) (43)
frontie
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mM) was also added to the suspension. The sample was

incubated for 30 min at room temperature in a rotator

shaker and centrifuged at 500 g for 5 min at 4°C. The

supernatant was then dialyzed, and the protein was

quantified by the Lowry method. Endotoxin content was

then determined by Limulus amebocyte lysate assay.

Structural characteristics of rfhSP-A were assessed by

tryptophan fluorescence and circular dichroism as in (33,

34, 50), and its hydrodynamic size by dynamic light scattering

(30, 51).
Bacterial killing assays

The microbicidal activity of SP-A, rfhSP-A, and/or

conventional antibiotics was evaluated by colony counts on

plate assays (11, 30, 31). Five microliters of bacterial

suspension (105 CFU/ml) were incubated with different

concentrations of proteins (SP-A or rfhSP-A), antibiotics,

and combinations thereof in 30 mL of 10 mM phosphate

buffer, 100 mM NaCl, and 1% tryptic soy broth (Liquid

Testing Medium, LTM) for 1 h at 37°C. At the end of

incubation, bacterial suspensions were plated on LB agar for

K. pneumoniae and PAO1 strains, or sBHI agar for NTHi

strains, and incubated for 18 h at 37°C. Viable bacteria were

enumerated by colony count. The results were expressed as a

percentage of relative survival in comparison to untreated

bacteria. The molar concentration of rfhSP-A used was 6

times higher than that of SP-A, since native SP-A is composed

of 6 trimerics units.

Direct bactericidal activity of SP-A was assessed by

fluorescence microscopy using K. pneumoniae 52145 and

mutant strains transformed with pZsGreen-expressing GFP

or NTHI strains stained with CFSE (52). Briefly, 100 ml of
GFP expressing K. pneumoniae suspension, containing 108

CFU/ml, were incubated with or without 100 mg/ml SP-A in

LTM for 1 h at 37°C. On the other hand, 100 ml of a CFSE-

stained NTHi suspension, containing 108 CFU/ml, were

incubated with or without 25 or 100 mg/ml SP-A in Hank’s

balanced salt solution (HBSS) (0.137 M NaCl, 5,4 mM KCl,

0.25 mM Na2HPO4, 0.44 mM KH2PO4, 1.3 mM CaCl2, 1 mM

MgSO4, 4.2 mM NaHCO3) supplemented with 1% tryptic soy

broth for 1 h at 37°C in a humidified 5% CO2 atmosphere.

Polymyxin B was used as a positive killing control. Samples

were then stained with 30 mM propidium iodide, a

membrane-impermeable fluorescent probe, for 15 min

under dark conditions. Bacteria were pelleted, re-suspended

in the same buffer, and mounted on glass slides. Living

(green) and dead/dying (red) bacteria were visualized by

fluorescence microscopy (Leica TCS SP2 Confocal System).
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Binding of SP-A to bacteria

To explore the ability of SP-A to bind to K. pneumoniae

52145 (or mutant strains) in the absence or presence of

polymyxins (PMB and PMBN), binding assays were

performed with biotinylated SP-A, which was prepared as

previously described (51). Structure and functional activities of

biotinylated SP-A were similar to those of unlabeled SP-A. The

binding assay of biotinylated SP-A to bacteria was executed as

previously described (30, 31). Briefly, 107 CFU/ml log-phase

bacteria in 5 mM Tris-HCl buffer containing 150 mM NaCl and

2 mM Ca2+ were incubated with several concentrations of

biotinylated SP-A in the absence or presence of PMB (5 mg/
ml), PMBN (5 mg/ml), or human serum albumin (HSA) in 10%

FBS-blocked microcentrifuge tubes by gentle orbital rotation for

30 min at room temperature. In all cases, bacteria were pelleted,

washed twice, and resuspended in 200 ml carbonate buffer 0.1

M, pH 9.5. Controls were performed in the absence of bacteria to

estimate nonspecific binding. Bacteria-associated SP-A was next

measured by solid-phase binding as follows. Samples were

applied to a 96-well plate MaxiSorp (Nunc, Rochester, NY,

USA) and allowed to bind 1 h at 37°C. The plate was next

blocked with 5 mM Tris-HCl containing 10% FBS for 1 h at 37°

C. After extensive washing with PBS, streptavidin-HRP was

added to the wells and incubations were performed for 1 h at

room temperature. Biotinylated SP-A was detected by adding

3,3’,5,5’-tetramethylbenzidine liquid substrate. The colorimetric

reaction was halted with 4M sulfuric acid, and absorbance read

at 450 nm on an ELISA reader (DigiScan, Asys HiTech GmbH,

Eugendorf, Austria). Results were expressed as nanograms of SP-

A per 107 bacteria.
Bacterial aggregation assays

Bacteria in exponential phase were re-suspended in HBSS

buffer and adjusted to a final concentration of 109 CFU/ml

(OD700 = 1). For PAO1, K. pneumoniae 52145 and mutant

strains, either SP-A (25 mg/ml) or rfhSP-A (13 µg/ml) was added

to 150 ml of the bacterial suspension and incubated for 30 min at

37°C with 30 seconds of gentle shaking every 5 min. Bacterial

aggregation was determined by monitoring changes in

absorbance at 700 nm during 2 h at 37°C without shaking, in

a spectrophotometer DU-800 (Beckman Coulter, Fullerton,

USA). Bacterial aggregation is observed as a decrease in

absorbance as bacterial aggregates precipitate out of solution.

SP-A-induced bacterial aggregation was also visualized by

fluorescence microscopy (Leica TCS SP2 Confocal System)

using K. pneumoniae 52145 and mutant strains expressing

GFP. Bacterial suspensions (109 CFU/ml) in HBSS buffer were
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incubated with SP-A (25 mg/ml) in FACS tubes in the conditions

described above for direct visualization. For NTHi and mutant

strains, which exhibit aggregation on their own (52), the process

of SP-A-induced bacterial aggregation was measured

immediately after addition of SP-A or buffer by measuring

changes in light absorbance at 700 nm during 2 h

without shaking.
Intrinsic fluorescence experiments

To assess the binding of human SP-A and its recombinant

fragment to PMB or PMBN, the tryptophan fluorescence of

rfhSP-A or SP-A was used as in (30, 50, 53, 54) to determine

the apparent dissociation constant (KD) at 25°C for protein-

antibiotic complexes. Experiments were carried out in 5x5

quartz cuvettes using an SLM-Aminco AB-2 spectrofluorimeter

equipped with a thermostated cuvette holder ( ± 0.1°C; Thermo

Spectronic, Waltham, MA, USA). Fluorescence emission spectra

of SP-A (15 nM) or rfhSP-A (0.3 mM) in the absence and presence

of increasing concentrations of polymyxins were recorded from

305 to 400 nm on excitation at 295 nm at 25°C in 5 mMTris-HCl

buffer (pH 7.4) containing 150 mM NaCl or not. Each titration

data point was performed in separated samples, and tryptophan

fluorescence emission was monitored 10 min after PMB or PMBN

addition. The change in the fluorescence of SP-A (or rfhSP-A) at

the emission wavelength maximum was monitored as a function

of PMB or PMBN concentration, and the titration data were

analyzed by nonlinear least-squares fitting to the Hill equation, as

previously reported (30, 53, 54):

DF=DFmax = ½L�nH=(½L�nH + KD) (1)

where DF is the change in fluorescence intensity at 337 nm

relative to intensity of free SP-A (for free rfhSP-A, the emission

wavelength maximum was 342 nm); DFmax is the change in

fluorescence intensity at saturating polymyxin concentrations;

KD is the apparent equilibrium dissociation constant; [L] is the

molar concentration of free PMB or PMBN; nH is Hill coefficient.
Dynamic light scattering

These assays were carried out as in (30, 51, 54–56) to

determine if there are changes in the size of the particles after

the interaction of SP-A (or rfhSP-A) with the corresponding

polymyxin (PMB or PMBN) in solution. Hydrodynamic

diameters of PMB, PMBN, SP-A, rfhSP-A, and combinations

thereof were measured at 25°C in a Zetasizer Nano S (Malvern

Instruments, Malvern, UK) equipped with a 633-nm HeNe laser.

Interaction of SP-A or rfhSP-A with polymyxins in solution was

measured by addition of different concentrations of polymyxins

to 15 nM SP-A (or rfhSP-A) in 5 mM Tris-HCl buffer (pH 7.4),

in the absence or presence of 150 mM NaCl. Ten scans were
Frontiers in Immunology 06
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performed for each sample, and experiments were performed in

triplicate. The hydrodynamic diameters were calculated using

the general purpose and multiple narrow modes algorithms

available from the Malvern software for DLS analysis.
Bacterial membrane permeabilization

The ability of SP-A (or rfhSP-A), PMB, PMBN, and

combinations thereof to permeabilize the outer and

cytoplasmic bacterial membranes was studied in live bacteria

by quantifying the internalization of the impermeant fluorescent

Sytox Green, since its fluorescence increases when binding to

bacterial DNA (31). For the measurement of Sytox Green influx,

the probe (1 mM) was added to 1 ml of bacterial suspension

(2x107 CFU/ml) in LTM and the sample was incubated for

15 min in darkness at room temperature. Then, the fluorescence

of the Sytox Green/bacterial suspension mixture was monitored

for 4 hours in a FLUOstar Omega microplate reader (BMG

LabTechnologies, Ortenberg, Germany) at excitation and

emission wavelengths of 485 and 520 nm, respectively. PBS

was used as a negative control, whereas ethanol (70%) was used

as a positive control. Background fluorescence was measured in

non-labeled bacteria.
Bacterial membrane alteration

Exponential phase bacteria (1×107 CFU/mL) were treated

with SP-A (100 µg/mL), PMB (1 µg/mL), PMBN (1 µg/mL) and

combinations thereof at 37°C for 30 min in PBS buffer as

previously described in (31). The suspension was incubated

with 20 mM of DPH dissolved in N,N-dimethylformamide for

1h at 37°C in darkness. DPH fluorescence intensity was

measured using an SLM-Aminco AB-2 spectrofluorimeter

equipped with a thermostated cuvette holder (Thermo

Spectronic, Waltham, MA, USA). Quartz cuvettes of 5x5-mm

path length were used. Excitation and emission wavelengths: 350

and 450 nm, respectively. Non-labeled bacteria were used as

background. All experiments were conducted in triplicate.
LPS aggregation assays

LPS aggregation induced by SP-A, PMB, PMBN, and

combinations thereof was studied as described elsewhere (33,

34, 57) by measuring the change in absorbance at 400 nm in a

Beckman DU-800 spectrophotometer. Briefly, the sample and

reference cuvettes were first filled with Re-LPS in 5 mM Tris-

HCl buffer (pH 7.4), 150 mM NaCl, and 0.2 mM EDTA. After a

10-min equilibration at 37°C, SP-A, PMB, PMBN, or

combinations thereof were added to the sample cuvette, and

the change in optical density at 400 nm was monitored. Next,
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Ca2+ (2.5 mM) was added to both the sample and reference

cuvettes, and the change in absorbance was monitored again. For

LPS aggregation assay, final concentrations (58) were 40 mg/ml

Re-LPS, 20 mg/ml (30 nM) SP-A, 1.5 mg/ml (1.08 µM) PMB, and

2.5 mg/ml (2.59 µM) PMBN. DPPC vesicle aggregation

experiments were also performed as previously reported (33, 34).
Statistical analysis

Data are presented as means ± SDs. Differences in the means

were analyzed by one-way ANOVA followed by the Bonferroni

multiple-comparison test. For comparison of two groups,

Student t test was used. An a level ≤ 5% (p ≤ 0.05) was

considered significant.
Results

Direct antimicrobial activity of SP-A
against K. pneumoniae K2 and
isogenic mutants

K. pneumoniae is a common nosocomial Gram-negative

bacterium that expresses S-LPS and CPS, which can be

classified into 77 serotypes; K1 and K2 serotypes are expressed

by a significant number of clinical isolates (59). We investigated

SP-A antimicrobial activity against K. pneumoniae 52145

(serotype K2) wild-type (WT) and isogenic mutants expressing

a range of different LPS phenotypes (Table 1) by determining its

ability to bind, aggregate, and kill bacteria (Figure 1). This K.

pneumoniae strain encodes all the virulence determinants

associated with invasive strains (60, 61). SP-A bound to both

Rc and Re non-capsulated K. pneumoniae strains in a dose-

dependent manner, but it did not bind to capsulated WT and Rc

strains and the non-capsulated WT strain, as seen by solid-phase

binding assay (Figure 1A). These results indicate that the K2

capsule and LPS glycoconjugate structures underneath the K2

capsule are not recognized by native SP-A. Consistent with

bacterial binding assays, spectrophotometry experiments

revealed that SP-A induces aggregation of non-capsulated Rc

and Re strains in the presence of calcium, but not bacterial

strains to which SP-A does not bind (Figure 1B). Bacterial

aggregation is observed as a decrease in absorbance as

bacterial aggregates precipitate out of solution. SP-A’s ability

to aggregate non-capsulated deep rough K. pneumoniae strains

was confirmed by fluorescence microscopy using strains

transformed with pZsGreen-expressing GFP (Figure 1C) and

bacterial pellet formation (Figure 1D). SP-A exhibited direct

microbicidal activity against non-capsulated Rc and Re strains,

but not against capsulated WT and Rc and non-capsulated WT

strains (Figure 1E). These results were confirmed using the

membrane-impermeable DNA-specific dye propidium iodide.
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Following incubation with SP-A, the non-capsulated Rc strain,

but not the K. pneumoniae K2 strain, formed aggregates, and

most bacteria were propidium iodide-stained, indicating

bacterial cell death (Figure 1F). Together, these results indicate

that LPS and CPS glycoconjugates of K. pneumoniae confer

protection from direct antimicrobial activity of native human

SP-A.
Direct antimicrobial activity of SP-A
against nontypeable Haemophilus
influenzae and isogenic mutants.

Nontypeable H. influenzae (NTHi) is a human-restricted

respiratory pathogen (62) expressing surface glycolipids that

lack O-antigens and have been termed lipooligosaccharides

(LOS) (49). Since LOS glycoconjugates of NTHi have been

shown to be involved in NTHi pathogenici ty and

antimicrobial resistance (49), we next determined SP-A

antibacterial activity against strain NTHi375, clinical isolate

from a patient with otitis media, and isogenic mutants with

truncated LOS variants (Table 1). SP-A exhibited direct

microbicidal activity against the deep rough mutant Re-NTHi

strain, which conserves only the KDO component of LOS, but

did not significantly kill the wild-type strain (with complete

LOS) and the Rc-NTHi strain (lacking the outer part of LOS)

(Figure 2A). These results support the role of LOS

glycoconjugates in NTHi resistance to SP-A. The results were

confirmed by fluorescence microscopy using wt NTHi and

mutant strains stained with CFSE. After SP-A treatment, the

deep rough mutant Re-NTHi strain, but not the wild-type strain,

were propidium iodide-stained, indicating bacterial death

(Figure 2B). NTHi and mutant strains have the property to

aggregate on their own in the presence of calcium (52). The rate

of auto-aggregation of NTHi depends on the complexity of LOS.

It decreases progressively with decreasing LOS extension in Rc-

NTHi and Re-NTHi strains (Figure 2C). The presence of SP-A

significantly increases aggregation of the deep rough mutant Re-

NTHi strain, but not the wild-type and Rc-NTHi strains

(Figures 2C, D).
Interaction of SP-A with antibiotics.

We next evaluated the potential synergy of SP-A with

conventional antibiotics against Gram-negative bacteria. To

achieve this, we used polymyxin B and E, azithromycin,

tetracycline, and ciprofloxacin because they have different

mechanisms of action and different targets on Gram-negative

bacteria (58). Figure 3 shows that SP-A had synergistic

antimicrobial activity with sub-inhibitory concentrations of

polymyxin B (PMB) against K. pneumoniae (Figure 3A) and P.

aeruginosa (Figure 3B), which are resistant to SP-A. However,
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FIGURE 1

SP-A binds, aggregates, and kills deep rough non-capsulated K pneumoniae, but not strains expressing long-chain LPS and/or capsule. (A) K
pneumoniae strains (107 CFU) were incubated with biotinylated SP-A (0 to 1.25 µg/ml), and total Klebsiella-associated SP-A was measured by
solid-phase binding and expressed as total ng of SP-A/107 bacteria. Data are means ± SD of three independent experiments. A value of ***p <
0.001 was obtained for the one-way ANOVA, followed by the general multiple-comparison Bonferroni test. (B) Bacterial aggregation by SP-A
(25 mg/ml) was determined by monitoring the changes in absorbance at 700 nm during 2 h at 37°C without shaking. Absorbance of strains
incubated in the absence of SP-A corresponds to 100%. Data are means ± SD (n=3, each in triplicate). (C) SP-A-induced bacterial aggregation
was visualized by fluorescence microscopy using wt and Rc-CPS K pneumoniae strains expressing GFP. Images shown are representative of three
independent experiments with similar results. Scale bar, 20 mm. (D) SP-A-induced bacterial aggregation of the Rc-CPS strain but not of the wt
strain was also visualized by the formation of bacterial pellets (white arrow) after 2 h of incubation with 25 mg/ml SP-A. (E) The antimicrobial
activity of SP-A on K pneumoniae strains was determined by incubation of bacteria (105 CFUs/ml) in the absence or presence of SP-A (100 µg/ml)
for 1 h at 37°C. Then, bacteria were plated on LB agar for CFU count after 18 h of incubation at 37°C. The results are shown as % viable bacteria
(percentage of live colony counts compared with untreated control). Data are means ± SD of three independent experiments with three
biological replicates. (F) Bacterial killing was also visualized by fluorescence microscopy. Strains expressing GTP (wt Kp and Rc Kp-CPS) were
incubated with or without 100 µg/ml SP-A and stained with propidium iodide to assess viability. Images shown are representative of three
independent experiments. Scale bar, 20 mm. In (A), (B), and (E), results were statistically analyzed by one-way ANOVA followed by the Bonferroni
multiple-comparison test. *p < 0.05, **p < 0.01, and ***p < 0.001 when comparing SP-A-treated with untreated K pneumoniae strains.
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SP-A did not show synergy with other antibiotics such as

azithromycin, tetracycline and ciprofloxacin. In these

experiments, both SP-A and the antibiotics were in solution.

When bacteria were first incubated with SP-A in solution and

then plated on Müller-Hinton agar supplemented with different

antibiotics, the synergy between SP-A and PMB was lost (data

not shown). Given the poor diffusion of SP-A in agar, these data

suggest that the observed synergy is based on the SP-A/PMB

interaction in solution.

We first determined the potential interaction of SP-A and

PMB in solution by monitoring changes in the intrinsic

fluorescence of SP-A after PMB binding (Figure 4A). The

fluorescence of SP-A is dominated by the contribution of its

two conserved tryptophan residues at the COOH-terminal end

of the protein (50). Addition of increasing concentrations of

PMB (0 to 150 mM) resulted in a significant PMB concentration-

dependent decrease in the amplitude of the fluorescence
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emission spectrum of SP-A, without any shift in the

wavelength of the emission maxima (Figure 4A, left). The

estimated dissociation constant (KD) for SP-A/PMB

interaction was 0.32 ± 0.04 µM (Figure 4A, right), and the Hill

coefficient value was greater than 1, indicating a positive

cooperative binding.

We next evaluated whether SP-A interaction with PMB

allows SP-A binding to K. pneumoniae by solid-phase binding

assay (Figure 4B). SP-A alone did not bind to K. pneumoniae,

not even in the presence of HSA. However, SP-A was able to

bind this respiratory pathogen in the presence of PMB in a dose-

dependent manner. Therefore, these results indicate that,

through a protein-lipopeptide interaction mechanism, PMB

facilitates the binding of SP-A to bacteria.

To determine if there are changes in the size of the particles

after the interaction of SP-A with PMB in solution, we

performed dynamic light scattering in the absence and
B

C D

A

FIGURE 2

SP-A kills and induces aggregation of deep rough NTHi strains but not of NTHi strains expressing long-chain LOS. (A) Bacteria (105 CFUs/ml)
were incubated with and without SP-A (25 and 100 µg/ml) and plated on sBHI agar for CFU count. The results are shown as % viable bacteria
(percentage of live colony counts compared with untreated control). Data are means ± SD of three independent experiments with three
biological replicates. (B) Bacterial killing was also visualized by fluorescence microscopy using wt NTHi and Re-NTHi stained with CFSE. Bacteria
were incubated with 100 µg/ml SP-A for 1 h and then stained with 30 mM propidium iodide to assess viability. Images shown are representative
of three independent experiments. Scale bar, 20 mm. (C) SP-A-induced aggregation of NTHi strains was monitored by changes in absorbance at
700 nm during 1.30 h at 37°C without shaking in HBSS buffer. (D) Percentage of aggregation at 60 min is shown. Data are means ± SD (n=3,
each triplicate). In (A, D), results were statistically analyzed by one-way ANOVA followed by the Bonferroni multiple-comparison test.
***p < 0.001 when the Re-NTHi strain treated with SP-A was compared with that not treated with SP-A.
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FIGURE 3

SP-A has synergic antimicrobial activity with polymyxin B (PMB), but not with azithromycin (AZI), tetracycline (TC), and ciprofloxacin (CIPRO),
against Gram-negative bacteria. 105 CFU/ml of K pneumoniae (A) or PAO1 (B) were incubated with conventional antibiotics, at the indicated
concentrations, in the absence or presence of SP-A (100 mg/ml) in 10 mM phosphate buffer (pH 7.4), 1% TSB, and 100 mM NaCl for 1h at 37°C.
Then, the bacteria were plated on LB agar for CFU count after 18 h of incubation at 37°C. The results are shown as % viable bacteria
(percentage of live colony counts compared with untreated control). SP-A alone was unable to kill capsulated K pneumoniae or PAO1, as
previously reported (25). Data are the means ± SD of three independent experiments with at least three biological replicates. A value of p <
0.001 was obtained for the one-way ANOVA, followed by the general multiple-comparison Bonferroni test: ***p < 0.001 when comparing
antibiotic treatment vs. the control untreated group; оооp < 0.001 when comparing SP-A+antibiotic treatment vs. the antibiotic-treated group.
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presence of salts to further determine the role of NaCl in the

interaction between positively charged PMB particles and SP-A,

a protein rich in negatively charged amino acids, whose

isoelectric point varies between pH 4.5 and 5.2 (63). Figure 5A

shows that addition of PMB to SP-A at neutral pH caused a PMB

concentration-dependent increase of SP-A hydrodynamic size,

both in the presence and absence of salts, resulting in the

formation of SP-A-PMB aggregates of 800-900 nm

(Figure 5B). Figure 5A also shows that PMB alone exhibited a

unique peak (independent of concentration) corresponding to

particles with a hydrodynamic diameter of 20 ± 3, in the absence

of salts, and 150 ± 30 nm, in the presence of 150 mM NaCl

(Figure 5, upper graphs). On the other hand, SP-A alone showed

a hydrodynamic diameter of 34 ± 5 nm in the absence of salts, as
Frontiers in Immunology 11
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previously described (51). In the presence of 150 mM NaCl, SP-

A self-aggregates, as previously described (64) with a major peak

at 320 ± 30 nm (30) (Figure 5A).
Synergistic antimicrobial activity of SP-A
with polymyxin B and colistin

We next assessed whether SP-A/polymyxin complexes

increase the antimicrobial activity of this lipopeptide antibiotic

against K. pneumoniae K2, non-typable H. influenzae (NTHi),

and P. aeruginosa, which are resistant to SP-A. For these

experiments we use polymyxin B and E (colistin), both of

which are available for clinical use. Colistin differs from
B

A

FIGURE 4

SP-A and polymyxin B interact in a dose-dependent manner, allowing binding of SP-A to K pneumoniae. (A) (Left) Tryptophan fluorescence
emission spectra of SP-A (15 nM) (10 mg/ml) were measured with or without increasing concentrations of PMB (0-150 mM; 0-180 mg/ml) at 25°C
in 5 mM Tris-HCl buffer (pH 7.4) containing 150 mM NaCl. SP-A samples (with and without PMB) and blank samples (PMB alone) were excited at
295 nm and the emission spectra recorded from 300 to 400 nm. One representative experiment of four is shown. (Right) Results are expressed
as F/F0, where F and F0 are the corrected emission intensities at 337 nm in the presence and absence of PMB. Results are means ± SD of four
experiments. (B) Binding capacity of biotinylated SP-A to K pneumoniae (107 CFU) in the presence and absence of PMB (5 mg/ml) or HSA (5 mg/
ml). The concentration of biotinylated SP-A associated with K pneumoniae was measured by a solid phase binding assay. Data are means ± SD
of three independent experiments with three biological replicates. A value of *p < 0.05 was obtained for the one-way ANOVA.
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FIGURE 5

SP-A forms molecular aggregates with polymyxin B. The formation of SP-A and PMB complexes was examined by DLS. (A) DLS analysis of the
hydrodynamic diameter of SP-A/PMB complexes in 5 mM Tris-HCl buffer (pH 7.4), in the presence or absence of 150 mM NaCl. The y-axis
represents the relative intensity of the scattered light; the x-axis represents the hydrodynamic diameter of the particles present in the solution.
DLS analyses of SP-A (15 nM) and PMB (15 mM) particles alone in both buffers are shown in the upper graphs. One representative experiment of
four is shown. (B) Formation of SP-A/PMB aggregates is independent of salts. The results are the mean ± SD of four independent experiments,
each in triplicate.
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polymyxin B in the amino acid at R6 position of the cyclic

heptapeptide part (i.e., residues R4–R10), which is D-

phenylalanine in PMB and D-leucine in PME (35). Figure 6

shows that when bacteria were incubated with SP-A (at

concentrations within the ranges found in the alveolar fluid of

human lungs) (65) and increasing concentrations of PMB

(Figure 6, upper panels) and colistin (PME) (Figure 6, lower

panels), SP-A significantly increased polymyxin bactericidal

activity against the three pathogens. Therefore, we

demonstrated that human SP-A/polymyxin complexes exhibit

significantly increased antimicrobial activity relative to PMB and

PME alone.
Interaction and synergy of SP-A with
nontoxic polymyxin nonapeptide

Given that SP-A is a lipid binding protein (63), we

determined the role of the lipid moiety of this lipopeptide

antibiotic in the interaction with SP-A using polymyxin B

nonapeptide (PMBN), a PMB derivative that lacks the fatty

acid tail. PMBN maintains polymyxin B’s ability to bind to
Frontiers in Immunology 13
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Gram-negative bacteria and disturb to some extent the outer

membrane of these bacteria. However, PMBN alone does not

have bactericidal activity (38, 39).

Figure 7A shows that SP-A interacted with PMBN with an

estimated dissociation constant (KD = 0.26 ± 0.04 µM) similar

to that obtained for the lipopeptide antibiotic. The binding of

SP-A to PMBN also resulted in the formation of molecular

aggregates similar in hydrodynamic size to those formed with

PMB, as determined by dynamic light scattering (Figure 7B).

In addition, the formation of SP-A/PMBN aggregates,

through a protein-protein interaction mechanism, facilitates

the binding of SP-A to K. pneumoniae to which SP-A alone

does not bind (Figure 7C).

Next, we sought to ascertain whether the formation of SP-A/

PMBN aggregates confers new antimicrobial properties,

including the ability to kill pathogenic Gram-negative bacteria

that are otherwise resistant to either SP-A or PMBN alone. We

found that SP-A/PMBN complexes were able to kill K.

pneumoniae, non-typable H. influenzae, and P. aeruginosa

(Figure 8), indicating that the combination of nontoxic PMBN

and SP-A could be used as a new antimicrobial against

respiratory Gram-negative infections.
FIGURE 6

SP-A acts synergistically with polymyxin B and colistin (PME) against Gram-negative bacteria. 105 CFUs/ml of bacteria (K. pneumoniae, NTHi,
and P. aeruginosa O1) were incubated with different concentrations of PMB (upper graphs) and PME (lower graphs) in the absence or presence
of SP-A (100 mg/ml) in 10 mM phosphate, 1% TSB, and 100 mM NaCl buffer (pH 7.4) for 1 h at 37°C. Bacteria were then plated on LB agar (Kp
and PAO1) or sBHI agar (NTHi) for CFU counting. Results are shown as a percentage of relative survival compared to untreated bacteria. Data
are means ± SD of four independent experiments, with three biological replicates. Results were statistically analyzed by one-way ANOVA
followed by the Bonferroni multiple-comparison test. *p < 0.05, **p < 0.01, and ***p < 0.001 when comparing SP-A-treated with SP-A-
untreated K. pneumoniae strains.
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FIGURE 7

SP-A and PMBN interact in a dose-dependent manner, forming molecular aggregates that allow binding of SP-A to K pneumoniae. (A) Binding
of SP-A and PMBN was examined by changes in intrinsic fluorescence emission spectra of SP-A (15 nM; 10 mg/ml)) by addition of increasing
concentrations of PMBN (0 to 200 µM; 0-192 mg/ml)) at 25°C in 5 mM Tris-HCl buffer (pH 7.4) containing 150 mM NaCl. Results are expressed
as F/F0, where F and F0 are the corrected emission intensities at 337 nm in the presence and absence of PMBN. Results are means ± SD of four
experiments. (B) DLS analysis of the hydrodynamic diameter of SP-A/PMBN complexes in 5 mM Tris-HCl, 150 mM NaCl buffer (pH 7.4). The y-
axis represents the relative intensity of the scattered light; the x-axis denotes the hydrodynamic diameter of the particles present in the solution.
DLS analyses of SP-A and PMBN particles alone are also shown. One representative experiment of four is shown. (C) Binding capacity of
biotinylated SP-A to K pneumoniae (107 CFU) in the presence and absence of PMBN (5 mg/ml) or HSA (5 mg/ml). The concentration of
biotinylated SP-A associated with K pneumoniae was measured by a solid phase binding assay and expressed as total nanograms of SP-A/107

bacteria. The results are the mean ± SD of three independent experiments with three biological replicates. A value of *p < 0.05 was obtained for
the one-way ANOVA.
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FIGURE 8

SP-A/PMBN complexes kill Gram-negative bacteria. 105 CFUs/ml of K pneumoniae (A), NTHi (B), and P. aeruginosa O1 (C) were incubated with
increasing concentrations of PMBN in the absence or presence of SP-A (100 mg/ml for Kp and PAO1; 25 mg/ml for NTHi) for 1 h at 37°C.
Bacteria were then plated on LB agar (Kp and PAO1) or sBHI agar (NTHi) for CFU counting. Results are shown as a percentage of relative survival
compared to untreated bacteria. Data are means ± SD of four independent experiments, with three biological replicates. Results were
statistically analyzed by one-way ANOVA followed by the Bonferroni multiple-comparison test. *p < 0.05, **p < 0.01, and ***p < 0.001 when
bacteria treated with SP-A+PMBN were compared against bacteria treated with PMBN.
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Bacterial membrane permeabilization

The ability of SP-A, PMB, PMBN, and combinations thereof

to permeabilize bacterial membranes of K. pneumoniae, NTHi

and P. aeruginosa was assessed by using the fluorescent dye

Sytox Green, whose fluorescence is enhanced upon binding to

DNA once the bacterial cytoplasmic membrane is compromised

(66). Addition of SP-A alone did not statistically affect the

fluorescence of the dye (Figure 9A). These results align with

the absence of SP-A binding to any of these pathogens and its

incapacity to kill these bacteria on its own. However, PMB

significantly increased the dye’s fluorescence, consistent with the

bacterial membrane permeabilization properties of PMB (36,

37). Moreover, bacteria treated with SP-A+PMB showed

significantly greater Sytox Green permeabilization than those
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treated with PMB alone. Thus, the formation of SP-A/PMB

aggregates significantly increases PMB-induced bacterial

membrane permeabilization and consequent bacterial death.

In contrast to SP-A/PMB aggregates, SP-A/PMBN aggregates

did not promote permeabilization of Sytox Green through Gram-

negative bacterial membranes, nor did PMBN alone (Figure 9A).

This suggests that the synergistic microbicidal activity of SP-A/

PMBN aggregates could be related to mechanisms of action other

than permeabilization of the cytoplasmic membrane. To

determine if SP-A, PMB, PMBN, and combinations thereof alter

the integrity of K. pneumoniae membranes, we measured the

fluorescence of 1,6-diphenyl-1,3,5-hexatriene (DPH), a

fluorescent dye that incorporates into the hydrophobic core of

lipid bilayers. DPH has a low quantum yield and a very short

lifetime when exposed to water. Thus, its fluorescence is sensitive
B

A

FIGURE 9

Membrane integrity of Gram-negative bacteria. (A) 107 CFU/ml of (K) pneumoniae, NTHi, and PAO1 were incubated with polymyxins (PMB or
PMBN) and/or SP-A (100 mg/ml) in the presence of Sytox Green, and the change in the fluorescence of the dye was recorded as a function of
time. The experiments were conducted at 37°C. PMB concentrations: 1 mg/ml for K pneumoniae; 0.5 mg/ml for NTHi and PAO1. PMBN
concentrations: 1 mg/ml for K pneumoniae; 2 mg/ml for NTHi; 0.5 mg/ml for PAO1. (B) 107 CFU/ml of K pneumoniae were incubated with or
without PMB (1mg/ml), PMBN (1mg/ml) and/or SP-A (100 mg/ml) in the presence of 1,6-diphenyl-1,3,5-hexatriene (DPH), and the change in the
fluorescence of DPH was recorded as a function of time. Data shown correspond to the fluorescence of DPH after treatment with SP-A and/or
polymyxins for 30 min. Experiments were performed at 37°C. The results are the mean ± SD of three independent experiments, each in
triplicate. Results were statistically analyzed by one-way ANOVA followed by the Bonferroni multiple-comparison test: **p < 0.01; ***p < 0.001
compared to untreated bacteria (control); оp < 0.05; ооp < 0.01 when bacteria treated with SP-A+polymyxin (PMB or PMBN) were compared
with bacteria treated with PMB or PMBN alone.
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to the amount of water that penetrates the lipid bilayer (67).

Figure 9B shows that SP-A or PMBN alone did not affect the

fluorescence of the probe, while PMB alone and PMB/SP-A and

PMBN/SPA mixtures significantly decreased the dye’s

fluorescence, indicating the presence of water molecules in the

hydrophobic microenvironment of K. pneumoniae membranes.

The effect of PMB/SP-A complexes on membrane alteration was

significantly greater than that of PMB. Likewise, the effect of

PMBN/SP-A on the integrity of K. pneumoniae membranes was

significantly greater than that of PMBN, which did not exhibit

any effect.
Bacterial lipopolysaccharide aggregation.

Polymyxins and SP-A are LPS binding peptides and induce

LPS aggregation (16, 33, 34, 57, 68). Thus, we analyzed Re-LPS

aggregation induced by SP-A, PMB, PMBN, and combinations

thereof (Figure 10). We found that PMB/SP-A and PMBN/SP-A

complexes exhibited higher LPS aggregation activity than PMB

or PMBN alone at the concentrations analyzed.

Several lines of evidence have shown that the carbohydrate

recognition domain (CRD) of SP-A is involved in its binding to

the lipid A moiety of LPS and to dipalmitoylphosphatidylcholine

(DPPC), a main pulmonary surfactant component (69–71).

Thus, these experiments suggest that PMB (or PMBN) binds

to SP-A at sites other than the lipid-binding site on the globular

heads of SP-A. To confirm this assumption, we determined the
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ability of SP-A to bind and aggregate DPPC vesicles in the

presence and absence of PMB, which does not bind zwitterionic

phosphatidylcholine (72). Supplementary Figure 2 shows that

PMB alone, in excessive concentration, did not aggregate DPPC

vesicles, but SP-A/PMB complexes induced DPPC aggregation

almost like SP-A alone. Together, these data indicate that the

binding of PMB to SP-A does not interfere with the ability of SP-

A to bind and aggregate lipids and that PMB/SP-A interaction

might not occur via the globular domains of SP-A.
Direct antimicrobial activity of rfhSP-A
against Gram-negative bacteria

We next evaluated the bactericidal activity of a recombinant

trimeric fragment of human SP-A1 (rfhSP-A), which lacks the

N-terminal domain and the collagen domain (Figure 11). In

contrast to native supratrimeric SP-A, a small trimeric fragment

of the protein (containing three globular heads) was able to kill

also wt strains of respiratory pathogens (K. pneumoniae, NTHi,

and P. aeruginosa). We found that rfhSP-A possesses identical

antimicrobial activity against encapsulated and non-

encapsulated wt strains of K. pneumoniae, indicating that CPS

is not relevant if K. pneumoniae contains whole LPS

glycoconjugates. However, the bactericidal activity of rfhSP-A

was greater with the non-capsulated K. pneumoniae mutant

expressing deep-rough lipopolysaccharide (Re-Kp-CPS) than

with the non-capsulated wild-type strain (Figure 11). On the
FIGURE 10

LPS aggregation induced by SP-A, PMB, PMBN, and combinations thereof. Ca2+-dependent Re-LPS aggregation was studied by measuring the
change in absorbance at 400 nm in a Beckman DU-800 spectrophotometer. Re-LPS was prepared at a final concentration of 40 mg/ml in 5 mM
Tris-HCl buffer, pH 7.4, containing 150 mM NaCl and 0.1 mM EDTA. The final concentration of SP-A and polymyxins was 20 mg/ml (30 nM) SP-
A, 1.5 mg/ml (1.08 µM) PMB, and 2.5 mg/ml (2.59 µM) PMBN. The concentration of Ca2+ was 2.5 mM. Results are the mean ± SD of three
experiments.
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other hand, the rfhSP-A-induced killing of the Re-NTHi mutant

strain expressing only KDO residues at its oligosaccharide

moiety of LOS was much greater than that of the wild-type

NTHi strain expressing long chains of LOS glycoconjugates.

These results suggest that the umbelliform-shaped structure of

native SP-A impedes SP-A binding to respiratory Gram-negative

pathogens. Conversely, smaller fragments of SP-A, which retain

the carbohydrate recognition domain and lipid binding site in

their globular heads, bind to these pathogens and show

bactericidal properties.

Although the small rfhSP-A protein binds and partially kills

P. aeruginosa, NTHi, and K. pneumoniae, rfhSP-A is unable to

aggregate not only wt PAO1 and K. pneumoniae, but also non-

capsulated deep rough K. pneumoniae strains, which are

aggregated by SP-A (Supplementary Figure S2). The inability

of rfhSP-A to induce bacterial aggregation is consistent with the

fact that SP-A requires an oligomeric assembly to induce

aggregation of its different ligands (34).
Loss of interaction and synergy between
rfhSP-A and polymyxin B

The trimeric recombinant fragment of human SP-A1 did not

interact with PMB in solution at physiological concentrations of

salts, as determined by intrinsic fluorescence of rfhSP-A after

PMB binding (Figure 12A) and dynamic light scattering

(Figure 12B). This suggests that the collagen-like domain and/

or the supratrimeric structure of SP-A is essential for SP-A/PMB
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interaction and the formation of protein-lipopeptide aggregates.

In the absence of salts, rfhSP-A weakly interacts with PMB with

a KD of 1.37 ± 0.5 mM.

Due to the loss of interaction under physiological conditions,

rfhSP-A and PMB did not show synergistic action. However,

rfhSP-A added in combination with PMB significantly increased

antimicrobial efficacy against K. pneumoniae, non-typable H.

influenzae, and P. aeruginosa (Figure 12C). The combination of

rfhSP-A with other antibiotics against Gram-negative bacteria

also significantly improved bactericidal efficacy against K.

pneumoniae, indicating an additive effect of rfhSP-A with

other antibiotics in addition to PMB (Supplementary

Figure 3). Consistent with the lack of interaction and synergy

between rfhSP-A and PMB, the recombinant fragment did not

affect the ability of PMB to permeabilize bacterial membranes of

Gram-negative bacteria (Figure 13). On the other hand, rfhSP-A

did not affect bacterial membrane permeabilization on its own,

suggesting a different mechanism for its bactericidal activity.
Discussion

SP-A is secreted into the airway mucosa by type II alveolar

epithelial cells and non-ciliated bronchiolar cells, but it is also

detected in the trachea, nasal mucosa, and other extrapulmonary

mucosal surfaces, where it provides immune protection (17–19).

It enhances phagocytosis of pathogens by opsonizing and/or up-

regulating expression of the mannose receptor involved in

microbial recognition (17, 19, 73, 74). In addition, SP-A can
FIGURE 11

rfhSP-A kills Gram-negative bacteria. 105 CFUs/ml of different strains of Kp, NTHi, or PAO1 were incubated with increasing concentrations of
rfhSP-A in 10 mM phosphate buffer (pH 7.4) containing 1% TSB and 100 mM NaCl for 1 h at 37°C. Bacteria were then plated on LB agar (Kp and
PAO1) or sBHI agar (NTHi) for CFU counting. Results are shown as a percentage of relative survival compared to untreated bacteria. Importantly,
SP-A had no effect on the survival of these pathogens at molar concentrations equivalent to or greater than the molar concentrations of rfhSP-
A. Data are means ± SD of three independent experiments, with three biological replicates. Experiments were performed with both polymyxin-
agarose treated and untreated rfhSP-A, to remove LPS contamination, with identical results. Results were statistically analyzed by one-way
ANOVA followed by the Bonferroni multiple-comparison test. **p < 0.01, and ***p < 0.001 when bacterial strains treated with rfhSP-A were
compared with those not treated with rfhSP-A.
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agglutinate some bacteria and has direct microbicidal activity on

some microorganisms (20–24). However, reports of direct

microbicidal activity of SP-A against clinically relevant Gram-

negative bacteria are scarce, and several studies have shown that

highly virulent respiratory pathogens are resistant to SP-A (27–

31, 75).

In this study, we examined factors involved in the resistance of

clinical isolates of K. pneumoniae and nontypeable H. influenzae

to SP-A. Using K. pneumoniae 52145 and isogenic mutants with

or without capsule and expressing a range of different LPS
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phenotypes, we show that both the K2 polysaccharide capsule

and the underneath LPS glycoconjugates are not recognized by

SP-A. SP-A exhibited direct antimicrobial activity (bacterial

binding, aggregation, and killing) only against non-capsulated

deep rough K. pneumoniae strains expressing Rc- and Re-LPS

phenotypes. The small number of sugar residues in the rough

strains makes it easier for SP-A to recognize the lipid A region of

LPS (76, 77). Some lines of evidence suggest that K. pneumoniae

may undergo phase variation between capsulated and non-

capsulated phenotypes since non-capsulated phase variants of K.
B

C

A

FIGURE 12

rfhSP-A does not interact with PMB and in combination with PMB increases the killing of Gram-negative bacteria. (A) Tryptophan fluorescence
emission spectra of rfhSP-A (13 mg/ml) were measured with or without increasing concentrations of PMB (0-150 mM; 0-180 mg/ml) at 25°C in 5
mM Tris-HCl buffer (pH 7.4) containing 150 mM NaCl. Samples were excited at 295 nm and the emission spectra recorded from 300 to 400
nm. One representative experiment of four is shown. (B) (Left) Addition of increasing concentrations of PMB (ranging from 0 to 5 mM) to a
solution containing a constant concentration of rfhSP‐A (17.5 nM) in 5 mM Tris-HCl, 150 mM NaCl, buffer (pH 7.4) did not change the particle
size of either SP‐A or PMB. One representative experiment of four is shown. (Right) Dependence of Z-average on the PMB concentration in the
presence or absence of rfhSP-A (17.5 nM). (C) 105 CFUs/ml of bacteria (K. pneumoniae, NTHi, and P. aeruginosa O1) were incubated with
different concentrations of PMB in the absence or presence of rfhSP-A (1 mg/ml) (17.5 nM) in 10 mM phosphate, 1% TSB, and 100 mM NaCl
buffer (pH 7.4) for 1 h at 37°C. Bacteria were then plated on LB agar (Kp and PAO1) or sBHI agar (NTHi) for CFU counting. Results are shown as a
percentage of relative survival compared to untreated bacteria. The results in (A) and (B) correspond to rfhSP-A treated with polymyxin agarose
in 5 mM Tris, 150 mM NaCl, pH 7.4 buffer to remove LPS contamination. In (C), experiments were performed with both polymyxin-agarose
treated and untreated rfhSP-A, with identical results. Data are means ± SD of three independent experiments, each in triplicate. Results were
statistically analyzed by Student’s t-test. *p < 0.05, **p< 0.01, and ***p < 0.001 when bacteria treated with rfhSP-A+PMB were compared with
bacteria treated with PMB alone.
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FIGURE 13

rfhSP-A does not affect the ability of PMB to permeabilize bacterial membranes. 107 CFU/ml of K. pneumoniae, NTHi, and PAO1 were incubated
with PMB (1 mg/ml for K. pneumoniae; 0.5 mg/ml for NTHi and PAO1) and/or rfhSP-A (5 mg/ml) in the presence of Sytox Green, and the change
in the fluorescence of the dye was recorded as a function of time. The results are the mean ± SD of three independent experiments, each in
triplicate. A p-value < 0.001 was obtained for the one-way ANOVA followed by the Bonferroni multiple-comparison test: *p < 0.05 and ***p < 0.001
compared to untreated bacteria (control).
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pneumoniae attach to and invade epithelial cells more efficiently

(75, 78). SP-A would not have direct microbicidal activity against

non-capsulated Klebsiel la because of its long-chain

lipopolysaccharides shield K. pneumoniae from SP-A.

Interestingly, the macrophage mannose receptor together with

SP-A provides protection against K. pneumoniae K21a serotype

that expresses the Man-a2-Man sequence in its CPS, which is

recognized by SP-A and the mannose receptor (27, 75). There is a

significant correlation between the presence of this capsular

glycoepitope, recognized by SP-A and other C-type lectins, and

the low frequency of K. pneumoniae K21a in clinical isolates of

patients (75).

Nontypeable H. influenzae is a non-capsulated Gram-

negative bacterium that causes exacerbations in patients with

chronic obstructive pulmonary disease (79, 80) and colonizes the

lower respiratory tract of patients with neutrophilic asthma (81).

NTHi express a lipooligosaccharide (LOS), which lacks the O-

specific polysaccharide chains. LOS glycoconjugates are

analogous to LPS found in other Gram-negative families, but

tend to have short, nonrepeating oligosaccharides. They also

share similar lipid A structures. Using clinical isolates of

NTHi375 and isogenic mutants with truncated LOS variants,

we showed that SP-A exhibited direct microbicidal activity

against only the deep rough mutant Re-NTHi strain, which

retains only the KDO component of LOS. These results indicate

that LOS glycoconjugates of NTHi confer protection against the

bactericidal and bacterial aggregation-inducing activities of

SP-A.

Our results are consistent with other reports indicating that

one of the factors conferring resistance to SP-A in Bordetella

pertussis is the branched structure of the LPS core (29). For P.

aeruginosa, several studies have indicated that there are multiple

virulence factors that explain its resistance to SP-A: i) reduced

expression of the outer membrane protein OprH (a ligand for

SP-A) (82); ii) increased expression of glycoconjugates of long-

chain LPS (82); and iii) expression of type IV pilus on the cell

wall (83). In addition, P. aeruginosa secretes elastase and

protease IV that degrade SP-A (84, 85). These adaptations of

P. aeruginosa facilitate bacterial escape from SP-A-mediated

phagocytic killing (82).

In contrast to SP-A, rfhSP-A, a trimeric recombinant

fragment of the protein, surprisingly showed significant direct

microbicidal activity against K. pneumoniae, NTHi, and P.

aeruginosa. The trimeric recombinant fragment lacks the N-

terminal domain and most of the collagen domain, which are

domains involved in SP-A oligomerization. However, rfhSP-A

retains ligand binding sites in the globular domains and the a-
helical neck domain. The different functionality of SP-A and

rfhSP-A could be related to the smaller size of rfhSP-A, which

facilitates the transit of rfhSP-A through the glycoconjugate

structures of CPS and LPS, or LOS in the case of NTHi.

However, the bactericidal activity of rfhSP-A was higher with

the non-encapsulated K. pneumoniaemutant expressing Re-LPS
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(Re-kp-CPS) and with the Re-NTHi mutant than with non-

encapsulated K. pneumoniae and NTHi, which express long-

chain glycoconjugate structures. These data indicate that these

glycoconjugate assemblies also confer protection against the

bactericidal action of rfhSP-A.

Direct in vitro killing of K. pneumoniae, NTHi, and P.

aeruginosa by native human SP-A is negligible (27–31). It is

possible that defense AMPs in the alveolar fluid act

synergistically or cooperatively with SP-A in eliminating these

pathogens, as we recently demonstrated for synergic SP-A/SP-

BN interaction (30, 31). It has recently been shown that the

combined use of AMPs and antibiotics can kill drug‐resistant

pathogens, reduce antibiotic resistance, and significantly

improve the therapeutic effects of antibiotics (86). In this

study, we examined the potential cooperation of SP-A and its

trimeric recombinant fragment with several antibiotics,

including polymyxin B, azithromycin, tetracycline, and

ciprofloxacin against Gram-negative bacteria. We chose these

antibiotics because they have different mechanisms of action and

different targets on Gram-negative bacteria (58). We found that

SP-A only acted cooperatively with polymyxin B. SP-A bound

PMB in solution with an estimated KD of 0.32 ± 0.04 µM.

Binding occurs through SP-A recognition of the polycationic

peptide ring of polymyxin, since SP-A bound PMBN, a

derivative of PMB lacking the fatty acid tail (33), with the

same affinity. The binding of SP-A to PMB or PMBN resulted

in the formation of macromolecular aggregates in the presence

of physiological ionic strength. The formation of SP-A/PMB and

SP-A/PMBN complexes facilitated the binding of SP-A to K.

pneumoniae, to which SP-A alone does not bind.

We found that SP-A acted synergistically with PMB and

colistin (PME) against K. pneumoniae, NTHi, and P. aeruginosa.

Thus, SP-A potentiates the bactericidal action of two potent but

relatively cytotoxic antibiotics. Since toxicity is dose-dependent,

the potential use of these synergistic combinations offers a new

strategy to improve the clinical utility and safety of polymyxins.

Importantly, the interaction between SP-A and PMBN conferred

significant bactericidal properties to the SP-A/PMBN complex

against K. pneumoniae, NTHi, and P. aeruginosa, which are

resistant to both PMBN and SP-A, individually. PMBN has no

bactericidal activity but is still capable of binding to the outer

membrane of Gram-negative bacteria, causing membrane

disturbances that make Gram-negative bacteria susceptible to

various hydrophobic antibiotics (38, 39). The markedly lower

toxicity of the PMBN molecule compared to that of PMB

suggests that the use of synergistic combinations of SP-A/

PMBN could be a promising strategy to treat respiratory

infections by multidrug-resistant bacteria.

In Gram-negative infections, killing of bacteria by antibiotics

and antimicrobials from the innate immune system is

accompanied by the release of LPS, an endotoxin that causes

high inflammation. Here we show the ability of SP-A/PMB and

SP-A/PMBN complexes to aggregate LPS. Aggregation of LPS
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particles reduces LPS toxicity (87) and facilitates its phagocytosis

by alveolar macrophages (88). Aggregation of LPS by SP-A or

PMB blocks LPS interaction with its receptor complex, which

reduces proinflammatory cytokine production (16, 57).

Furthermore, in the lung, LPS promotes destabilization and

alteration of the biophysical activity of pulmonary surfactant

(89), and SP-A and PME act as a scavenger of LPS, protecting

pulmonary surfactant from the inhibitory effects of LPS (90).

In contrast to SP-A, rfhSP-A did not bind to PMB in

solution at physiological salt concentrations, suggesting that

the N-terminal domain, the collagen domain, and/or the

supratrimeric structure of SP-A are essential for polymyxin

binding. Consistent with their lack of interaction, rfhSP-A and

PMB did not show synergistic action. However, addition of

rfhSP-A in combination with PMB significantly increased

antimicrobial efficacy against K. pneumoniae, non-typable H.

influenzae, and P. aeruginosa. Moreover, rfhSP-A added in

combination with azithromycin, tetracycline, and ciprofloxacin

significantly enhanced the killing of K. pneumoniae, indicating

an additive effect of rfhSP-A with other antibiotics in addition to

PMB. Another important difference between SP-A and rfhSP-A

is the inability of rfhSP-A to induce bacterial aggregation or LPS

aggregation (91), which is consistent with the fact that SP-A

requires an oligomeric assembly to induce aggregation of its

different ligands (34).

In relation to the possible site of interaction between SP-A

and PMB, SP-A binds to the polycationic peptide ring of

polymyxins, and the binding of PMB (or PMBN) to SP-A

could occur at domains other than the globular domain or the

a-helical domain, since rfhSP-A does not bind PMB. The fact

that the binding of PMB to SP-A does not interfere with the

ability of SP-A to bind and aggregate LPS or DPPC particles by

its globular domains strongly suggests that PMB (or PMBN)

binds to SP-A at sites other than the lipid-binding site on the

globular heads of SP-A.

Regarding the mechanisms of bactericidal action of SP-A/

polymyxin complexes, we show that the formation of SP-A/PMB

aggregates significantly increased PMB-induced bacterial

membrane permeabilization and consequent bacterial death of

K. pneumoniae, NTHi, and P. aeruginosa. PMB-dependent

alteration of the outer bacterial membrane could facilitate the

binding of SP-A to the lipid A portion of LPS, allowing SP-A-

mediated extraction of LPS molecules from the membrane (77).

We propose a model in which SP-A/PMB aggregates bind onto

the bacterial surface and cover it like a carpet. This high local

protein concentration would facilitate the formation of

lipoprotein aggregates, resulting in a loss of membrane lipids,

leading to membrane leakage and permeabilization. Polymyxin

appears to promote contacts between the periplasmic leaflets of

the bacterial inner and outer membranes, which would promote

lipid exchange between the inner and outer membrane and

osmotic imbalance. In contrast to SP-A/PMB aggregates, SP-A/

PMBN aggregates did not promote permeabilization of the Sytox
Frontiers in Immunology 22
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Green fluorescent dye through Gram-negative bacterial

membranes. However, SP-A/PMBN mixtures, like SP-A/PMB,

significantly altered the hydrophobic microenvironment of K.

pneumoniae membranes, as detected by DPH fluorescence.

These data suggest that the interaction of SP-A/PMBN

aggregates with the bacterial surface could decrease the dense

packing of the bacterial outer membrane and produce transient

defects that facilitate the passage of the cyclic peptide through

the outer and cytoplasmic membrane. Polymyxins can inhibit

crucial intracellular processes such as cell division and bacterial

respiration (37). Furthermore, polymyxins bind to bacterial

ribosomes to inhibit protein synthesis (37).

Our results suggest that the synergistic antimicrobial activity

of SP-A and polymyxin combinations depends on the formation

of protein aggregates, since rfhSP-A, which lacks domains

necessary for oligomerization and self-aggregation, did not

form aggregates with PMB in physiological solutions.

Consequently, rfhSP-A did not show synergistic action with

PMB. Many antimicrobial proteins and peptides form protein

aggregates related to their bactericidal activity, such as human

LL-37 (92), protegrine-1 (93), dermaseptin S9 (94), temporins B

and L (95), SP-BN at acidic pH (30), and the SP-A/SPBN complex

at neutral pH (30). However, the role of protein aggregates in

direct killing of bacterial cells remains to be fully determined.

PMB and colistin are available for aerosol administration in

humans. Colistin/SP-A complexes administered by nebulization

could be beneficial in the treatment of Gram-negative bacterial

infections and in LPS neutralization. Moreover, SP-A/colistin

administration by nebulization could have the advantage of

placing SP-A/polymyxin complexes in a strategic location at

the air-liquid interface, which is the first line of defense against

inhaled pathogens and endotoxins entering the alveoli. This

location could prevent the transport of polymyxin to plasma

through the alveolar-capillary barrier, since high concentrations

of polymyxin in plasma are related to nephrotoxicity (35, 38, 96).

Consistent with this hypothesis, clinical evidence indicates that

nebulized colistimethate sodium is effective in treating lower

respiratory tract infections caused by multidrug-resistant Gram-

negative bacteria without increasing plasma colistin

concentration (97). Importantly, it has recently been shown, in

an animal model of pneumonia, that instillation of colistin

mixed with exogenous pulmonary surfactant increases its

bactericidal effect compared to instillation of colistin alone,

suggesting that lung surfactant may serve as a vehicle to

facilitate the efficient spread of colistin through the airways

(98). We suggest that therapeutic SP-A/colistin complexes

mixed with exogenous surfactant might be beneficial in

treating resistant Gram-negative bacterial infections and

protecting pulmonary surfactant from the inhibitory effects of

LPS (90).

The combined use of SP-A and colistin to enhance the

therapeutic effects of this antibiotic requires the development

of recombinant SP-A as a clinical therapeutic agent. The
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production of full-length oligomeric recombinant SP-A is

expensive due to low expression yields in mammalian systems

and difficulties in molecular characterization and handling of

this protein (33, 34). Producing a small trimeric fragment of SP-

A as an alternative to the full-length oligomeric protein has clear

advantages in terms of ease of production, handling, and cost

(40, 41). In this study, we show that rfhSP-A exhibited

significant direct microbicidal activity against K. pneumoniae,

NTHi, and P. aeruginosa.The mechanism of bactericidal action

of rfhSP-A against these Gram-negative bacteria is unknown.

rfhSP-A did not affect bacterial membrane permeability of these

pathogens, as determined by Sytox Green, but might moderately

alter the physical integrity of the outer membrane structure

through its interaction with lipid A. The potential use of this

fragment as antimicrobial is promising, as it additively enhanced

the killing of bacteria when used with several conventional

antibiotics. Its bactericidal activity could be improved by

genetically modifying its structural amphipathicity.

Furthermore, since rfhSP-A recognizes Gram-negative

bacteria, the possibility of using this fragment as carrier for

small antimicrobial molecules that bind to rfhSP-A could

help develop new alternative treatments against Gram-

negative bacteria.
Data availability statement

The raw data supporting the conclusions of this article will

be made available by the authors, without undue reservation.
Author contributions
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Agrobiotecnologıá, Mutilva, Spain) for providing nontypeable

H. influenzae strains used in this study.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fimmu.2022.927017/full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.927017/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.927017/full#supplementary-material
https://doi.org/10.3389/fimmu.2022.927017
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Coya et al. 10.3389/fimmu.2022.927017
References
1. Mizgerd JP. Acute lower respiratory tract infection. N Engl J Med (2008)
358:716–27. doi: 10.1097/inf.0b013e31816fc362

2. Peleg AY, Hooper DC. Hospital-acquired infections due to gram-negative
bacteria. N Engl J Med (2010) 362:1804–13. doi: 10.1056/NEJMra0904124

3. Fair RJ, Tor Y. Antibiotics and bacterial resistance in the 21st century.
Perspect Medicin Chem (2014) 6:25–64. doi: 10.4137/PMC.S14459

4. Fauci AS, Marston HD. The perpetual challenge of antimicrobial resistance.
JAMA - J Am Med Assoc (2014) 311:1853–4. doi: 10.1001/jama.2014.2465

5. Pendleton JN, Gorman SP, Gilmore BF. Clinical relevance of the ESKAPE
pathogens. Expert Rev Anti Infect Ther (2013) 11:297–308. doi: 10.1586/eri.13.12

6. De Oliveira DMP, Forde BM, Kidd TJ, Harris PNA, Schembri MA, Beatson
SA, et al. Antimicrobial resistance in ESKAPE pathogens. Clin Microbiol Rev (2020)
33:e00181-19. doi: 10.1128/CMR.00181-19

7. Nikaido H. Molecular basis of bacterial outer membrane permeability
revisited. Microbiol Mol Biol Rev (2003) 67:593–656. doi: 10.1128/
mmbr.67.4.593-656.2003

8. Delcour AH. Outer membrane permeability and antibiotic resistance.
Biochim Biophys Acta - Proteins Proteomics. (2009) 1794:808–16. doi: 10.1016/
j.bbapap.2008.11.005

9. Hornef MW, Wick MJ, Rhen M, Normark S. Bacterial strategies for
overcoming host innate and adaptive immune responses. Nat Immunol (2002)
3:1033–40. doi: 10.1038/ni1102-1033

10. Llobet E, Tomás JM, Bengoechea JA. Capsule polysaccharide is a bacterial
decoy for antimicrobial peptides. Microbiology (2008) 154:3877–86. doi: 10.1099/
mic.0.2008/022301-0

11. Ebbensgaard A, Mordhorst H, Aarestrup FM, Hansen EB. The role of outer
membrane proteins and lipopolysaccharides for the sensitivity of escherichia coli to
antimicrobial peptides. Front Microbiol (2018) 9:2153. doi: 10.3389/
fmicb.2018.02153

12. Mookherjee N, Anderson MA, Haagsman HP, Davidson DJ. Antimicrobial
host defence peptides: functions and clinical potential. Nat Rev Drug Discovery
(2020) 19:311–32. doi: 10.1038/s41573-019-0058-8

13. Wiesner J, Vilcinskas A. Antimicrobial peptides: The ancient arm of the
human immune system. Virulence (2010) 1:440–64. doi: 10.4161/viru.1.5.12983

14. Moravej H, Moravej Z, Yazdanparast M, Heiat M, Mirhosseini A,
Moosazadeh Moghaddam M, et al. Antimicrobial peptides: Features, action, and
their resistance mechanisms in bacteria. Microb Drug Resist (2018) 24:747–67.
doi: 10.1089/mdr.2017.0392

15. Hancock REW, Sahl HG. Antimicrobial and host-defense peptides as new
anti-infective therapeutic strategies. Nat Biotechnol (2006) 24:1551–7. doi: 10.1038/
nbt1267

16. Schromm AB, Paulowski L, Kaconis Y, Kopp F, Koistinen M, Donoghue A,
et al. Cathelicidin and PMB neutralize endotoxins by multifactorial mechanisms
including LPS interaction and targeting of host cell membranes. Proc Natl Acad Sci
U S A (2021) 118:1–12. doi: 10.1073/pnas.2101721118

17. Wright JR. Immunoregulatory functions of surfactant proteins. Nat Rev
Immunol (2005) 5:58–68. doi: 10.1038/nri1528

18. Casals C, Campanero-Rhodes MA, Garcıá-Fojeda B, Solıś D. The role of
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AV, Garcıá-Fojeda B, et al. Delayed alveolar clearance of nanoparticles through
control of coating composition and interaction with lung surfactant protein A.
Biomater Adv (2022) 134:112551. doi: 10.1016/j.msec.2021.112551
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SP-A binding to the SARS-CoV-
2 spike protein using hybrid
quantum and classical in silico
modeling and molecular
pruning by Quantum
Approximate Optimization
Algorithm (QAOA) Based
MaxCut with ZDOCK

Sona Aramyan1, Kirk McGregor1, Samarth Sandeep1*

and Angela Haczku2*

1If and Only If (Iff) Technologies, Pleasanton, CA, United States, 2University of California (UC) Davis
Lung Center Pulmonary, Critical Care and Sleep Division, Department of Medicine, School of
Medicine, University of California, Davis, CA, United States
The pulmonary surfactant protein A (SP-A) is a constitutively expressed immune-

protective collagenous lectin (collectin) in the lung. It binds to the cell membrane

of immune cells and opsonizes infectious agents such as bacteria, fungi, and

viruses through glycoprotein binding. SARS-CoV-2 enters airway epithelial cells

by ligating the Angiotensin Converting Enzyme 2 (ACE2) receptor on the cell

surface using its Spike glycoprotein (S protein). We hypothesized that SP-A binds

to the SARS-CoV-2 S protein and this binding interferes with ACE2 ligation. To

study this hypothesis, we used a hybrid quantum and classical in silico modeling

technique that utilized protein graph pruning. This graph pruning technique

determines the best binding sites between amino acid chains by utilizing the

Quantum Approximate Optimization Algorithm (QAOA)-based MaxCut (QAOA-

MaxCut) program on a Near Intermediate Scale Quantum (NISQ) device. In this,

the angles between every neighboring three atoms were Fourier-transformed

into microwave frequencies and sent to a quantum chip that identified the

chemically irrelevant atoms to eliminate based on their chemical topology. We

confirmed that the remaining residues contained all the potential binding sites in

the molecules by the Universal Protein Resource (UniProt) database. QAOA-

MaxCut was compared with GROMACS with T-REMD using AMBER, OPLS, and

CHARMM force fields to determine the differences in preparing a protein

structure docking, as well as with Goemans-Williamson, the best classical

algorithm for MaxCut. The relative binding affinity of potential interactions

between the pruned protein chain residues of SP-A and SARS-CoV-2 S

proteins was assessed by the ZDOCK program. Our data indicate that SP-A

could ligate the S protein with a similar affinity to the ACE2-Spike binding.
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Interestingly, however, the results suggest that the most tightly-bound SP-A

binding site is localized to the S2 chain, in the fusion region of the SARS-CoV-2 S

protein, that is responsible for cell entry Based on these findingswe speculate that

SP-A may not directly compete with ACE2 for the binding site on the S protein,

but interferes with viral entry to the cell by hindering necessary conformational

changes or the fusion process.
KEYWORDS

SARS-CoV-2, SP-A, in silico, quantum computation (QC), glycosylation, immunoprotection,
QAOA, MaxCut
Introduction

The main site of the viral entry of the Severe Acute Respiratory

Syndrome Coronavirus 2 (SARS-CoV-2) is through lung epithelial

cells involving interactions between the Angiotensin Converting

Enzyme 2 (ACE2) and the Spike glycoprotein (S protein) (1). The

majority of enveloped viruses bind to host cell surface receptors via

their surface glycoproteins. This process induces a conformational

change of these viral ligands resulting in fusion with the host cell

membrane delivering the virus genome to the cytoplasm (2). ACE2

as the main functional receptor was already identified for the

SARS-CoV in 2003 when it was also established that the binding

site (Receptor Binding Domain, RBD) was localized between

amino acid residues 303 and 537 of the virus S protein (3, 4).

The SARS-CoV and SARS-CoV-2 S proteins are highly similar and

their structure together with their glycosylation sites have been

partly established (4–8). The S protein is a trimeric class I fusion

protein (Figure 1) with two functional subunits: S1 and S2. S1 is

responsible for binding to the ACE2 receptor and S2 is responsible

for host membrane fusion (4, 9–12). The S1 subunit RBD can be in

a closed or an opened conformation. The open position is required

for ACE2 binding. As demonstrated by numerous theoretical and

experimental approaches (13–15), a main focus of research has

been to find ways to interfere with S1 subunit RBD-ACE2 binding.

The S protein is highly glycosylated and in addition to ACE2

binding, it is known to ligate pattern recognition receptors. Each

monomer in the S protein trimer has 22 glycosylation sites

(shown in Figure 1A) (8, 16, 17). Glycosylation is important in

protein conformation, target binding, and host evasion (7, 8, 18).

The soluble carbohydrate pattern recognition receptors of the

innate immune system could hinder ACE2 - S protein ligation

through several different pathways including potential direct

competition, inducing conformational changes that prevent

receptor recognition, or sequestering the virus through

opsonization for clearance by macrophages (19–21). The most

abundantly expressed lung collectin, surfactant protein A (SP-

A), is a particularly relevant pattern recognition host defense

molecule because it is mainly produced by type II alveolar
02
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epithelial cells in the distal air spaces that are also the main

site of entry for respiratory viruses (22–24). Together with SP-D

and mannose-binding lectin (MBL), SP-A was implicated in

binding to and regulating SARS-CoV-2 function (19, 21, 25–32).

Here we aimed to give in silico insights into the binding

between SARS-CoV-2 S protein and SP-A. Since the RBD is

much smaller in size than the entire S protein, this domain

would provide an attractive reduced size target to be studied for

binding predictions. However, whether SP-A directly binds to

RBD, or other S1 or S2 areas, remains unclear. In fact, the RBD

might be protected from SP-A access by glycosylation shielding

(7). Further, targeted binding to the S2 fusion region was

recently shown to effectively inhibit SARS-CoV-2 function

(33–36), suggesting that the RBD may not be an exclusive

target for viral inhibition. Importantly, SP-A preferentially

targets carbohydrate moieties such as glycosylation sites that

can be found in either the S1 or the S2 regions. For these reasons,

we chose to assess the entire S protein in this study (Figure 1A).

Identification of the most likely binding sites between

proteins found in Protein Data Bank (PDB) formatted files

means that for “n” number of potential bindings between all

potential atoms, “n3” or greater time in seconds is required for

processing. While this could be straightforward when detailed

binding kinetics data are available, it is difficult for proteins with

no binding information, as chemical kinetics can require

completion in non-deterministic, polynomial time. Such

polynomial state computational problems can be infeasible or

even impossible by classical computing (37, 38). Protein binding

site analysis needs to be performed before docking assessment at

the precision level of molecular dynamics, either by using third-

degree polynomial topological algorithms (39) or quantum

annealing devices that straddle the line between highly

optimized classical computing and fully quantum computation

within a first-degree polynomial complexity class (40, 41).

Quantum Processing Units (QPUs) use the effects of quantum

mechanics for methods of information transfer among bit-like

devices (i.e., quantum bits, or “qubits”). Due to the qubits’ ability

to hold multiple states, QPUs could ideally solve molecular
frontiersin.org
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kinetics calculations as they could represent every electron

within a protein (42), given that QPUs can be treated as extra-

large electrons due to their macroscopic quantum effects.

Quantum processors provide superposition and entanglement

features on their qubits and have the potential to take

exponential scale problems and turn them into polynomial or

even log scale problems. However, the largest QPUs that exist as

per the writing of this paper are the Xanadu Borealis device with

216 qubits (43), the IBM Eagle with 127 qubits and the Google

Bristlecone with 72 qubits (44). As one qubit simulates one

extra-large electron (42), it would take many hundreds of qubits

to model even the simplest proteins (45).

We, therefore, developed a model-simplification approach

(QAOA-MaxCut) by systematically eliminating atoms within

amino acids in the protein structure before processing for the

selection of the most likely ones for binding. The QAOA-

MaxCut protein pruning tool is based on the quantum

approximate optimization algorithm (QAOA) (46) that

includes further bioinformatics contextualization to aid the

MaxCut algorithm. This hybrid approach combines the

quantum computer’s ability to effectively solve exponential

problems with a classical cost function to determine the best

cuts within a set of quantum bits. If designed to scale effectively

with classical devices, QAOA provides benefits with few qubits.
Frontiers in Immunology 03
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In this study, we used a QAOA-MaxCut’s protein pruning tool

running on a (QPU) connected to a 1-node classical computer

for investigating the potential binding sites of SP-A to the SARS-

CoV-2 S protein. This method was previously used in SARS-

CoV-2 Spike-ACE2 complex pruning in Autodock Vina,

investigating potential binding when azithromycin and

hydroxychloroquine were considered for COVID-19

treatment, and was compared with GROMACS on the

JUWELS and BRIDGES supercomputers for preparing a

relaxed structure for docking (47, 48). Here we hypothesized

that SP-A binds to the SARS-CoV-2 S protein and this binding

interferes with ACE2 ligation by targeting the Receptor Binding

Domain (RBD, Figure 1A).
Materials and methods

SP-A and S protein structures

We obtained the protein sequences and initial configuration

data for the S protein and SP-A from the Research Collaboratory

for Structural Bioinformatics (RCSB) protein data bank

(Figure 1). The crystallographic coordinates for the SP-A

protein structure were determined by available UniProt
BA

FIGURE 1

Hypothesis: SARS-CoV-2 Spike glycoprotein glycosylation sites are potential binding sites for SP-A (A): Glycosylation sites on the SARS-CoV-2
spike glycoprotein trimer are denoted by NAG residues, shown in (O): red; (C): grey; (N): blue space fill balls. Structure of SARS-CoV-2 spike
glycoprotein with a single receptor-binding domain up NGL Viewer (AS Rose et al. 2018) PDB: 6VSB DOI: 10.2210/pdb6VSB/pdb EM Map EMD-
21375: EMDB EMDataResource (B): Structure of monomer (top panel), trimeric and octadecameric SP-A and potential carbohydrate recognition
sites on the S protein by the Carbohydrate Recognition Domain (CRD) of the lectin head of SP-A. The CRD binds carbohydrate residues with
high affinity in a Ca++ dependent manner. The X-ray Crystal Structure depicts the rat Surfactant Protein A neck and carbohydrate recognition
domain ligated with mannose. Atoms represented by the spacefill balls are: (O): red; (C): grey; (Ca): green; (Na): purple. PDB: 3PAK DOI: 10.
2210/pdb3PAK/pdb 2010-11-03 Shang, F. et al. (X-RAY DIFFRACTION Resolution: 1.90 Å). (RBD, receptor binding domain; S1, Spike 1 region; S2,
Spike 2 region; TMD, Transmembrane domain; CRD, Carbohydrate recognition domain).
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models. We selected 5FFR (49) as the most all-encompassing

structural model of SP-A, covering 147 of its amino acids at a

resolution of 2.20 Å. However, this model did include

phosphocholine ligands, which could interfere with the direct

probing of the amino acids that constitute the structure of SP-A

(49). We therefore removed the phosphocholine ligands from

the 5FFR model before binding site analysis. To investigate

potential binding between the S protein and SP-A and to

compare it with S protein-ACE2 binding in their respective

sites and affinities, we completed a two-step analysis of the

proteins’ crystallographic data, and further UniProt analysis of

the results. The Protein Data Bank structure 6VSB was used to

represent the SARS-CoV-2 Spike, as it had 44 of its 66 N-

Acetylglucosamine (NAG) identified in experimental cryoEM

microscopy work, not through computational placement (12).

We would like to remark that since the initial release of the 6VSB

model (that we used for identification of the NAG sites), the

original NAG sites and identification numbers have been

changed. Our data reflect the original NAG labeling numbers

on this molecule.
T-REMD with GROMACS

For the completion of the T-REMD analysis as a comparison

to QAOA, GROMACS 5.0.4 was utilized to create a suitable

solvent environment, along with a set of temperature and

pressure controls, in order to most accurately determine the

protein configuration in a binding environment. Being a

molecular dynamics software, GROMACS completes sets of

multi-axial nearest neighbor calculations for a set of forces for

coordinate position and velocities across a number of time steps

(50, 51). First, forces for each molecule within a solute and

solvent are calculated using a prescribed set of forces unique to

different solvation environments. To better understand a protein

in a neutral solvent environment, we used three different force

models: 1) the Assisted Model Building with Energy Refinement

(AMBER) force field; 2) the Optimized Potentials for Liquid

Simulations (OPLS) force field; and 3) the CHemistry At

Harvard Macromolecular Mechanics (CHARMM) force field.

Being the oldest force field used, AMBER has the simplest

form, with total potential energy for a macromolecule following

a summation between bond energy as an ideal spring,

geometrical energy from each angle within the covalent

bonding between atoms, torsioning due to bond order, and

intra-atomic forces represented as a van der Waals force added

to an electrostatic force, wherein fij represents the Fourier

transformation, Eij represents the well depth of the atom’s

location, and other constants represent their respective parts.

This study used AMBER99sb.

V(rN ) = o
i∈bonds

kbi(li − loi )
2 + o

i∈angles

kai(qi − qo
i )

2 (1)
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+ o
i∈torsions

o
n

1
2
Vn
i ½1 + cos(nwi − ϒi)� (2)

+ o
N−1

j=1
o
N

i=j+1
fij ∈ij ½

r0ij
rij

12

− 2
r0ij
rij

6

� + qiqj
4p ∈0 rij

( )
(3)

Equation 1. AMBER Force Field Formula (adapted from Case et

al. AMBER9 Manual for Electrical Potential Across Protein.

OPLS (52) shares much of the same structure as AMBER.

However, it aims to provide better analysis of the differences

between bonded, nonbonded, and dihedral atoms, present on

multiple energetic planes, through the use of torsional and

electrostatic constants derived for each element and each

organic functional group, represented as A and C. OPLS is

also designed for use with the TIP3P water model, which is a 3-

sided rigid water molecule with charges, as the default solvent for

the force field.

E(rN ) = Ebonds + Eangles + Edihedrals + Enonbonded (4)

Ebonds = o
bonds

Kr(r − r0)
2 (5)

Eangles = o
angles

Kq(q − q0)
2 (6)

Edihedrals = o
dihedrals

(
V1

2
½1 + cos(f − f1)�+ (7)

V2

2
½1 + cos(2f − f2)� +

V3

2
½1 + cos(3f − f3)� +

V4

2
½1

+ cos(4f − f4)�) (8)

Enonbonded =o
i>j
fij(

Aij

r1ij2
−
Cij

r6ij
+

qiqj
4p ∈0 rij

(9)

Aij =
ffiffiffiffiffiffiffiffiffiffiffi
AijAjj

q
(10

Cij =
ffiffiffiffiffiffiffiffiffiffiffi
CiiCjj

q
(11)

Equation 2. OPLS Force Field Formula (adapted from Jorgensen

et al.) for Electrical Field Across Protein (52).

CHARMM (53) is a force field (delete hyphen) model that

aims to take OPLS further through the addition of an impropers

and a Urey – Bradley term, which what both intend to improve

upon the torsional modeling of the atomic interactions in OPLS

through the accounting of bending and non-binding interactions

between atoms in the 1,3 positions of an organic molecule due to

proximity of electrostatic forces, respectively. This study used

CHARMM36.
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V = o
bonds

Kb(b − b0)
2 + o

angles

Kq(q − q0)
2 + o

dihedrals

Kf(1 + cos(nf − d

(12)

+ o
impropers

kw (w − w)2 + o
Urey−Bradley

ku(u − u0)
2+ (13)

o
nonbonded

( ∈ ½( Rminij

rij
)12 − (

Rminij

rij
)6� + qiqj

∈ rij
) (14)

Equation 3. CHARMM force field formula adapted from

Mackerell et al. for electrical potential across protein (53).

GROMACS software testing involved SP-A protein in water

bulk that consisted of ~62,000 atoms (number of water molecules

~20,000) in a 6.5×6.5×6.5 nm3 cell. The test runs were done using

the following parameters: 2fs timestep, PME electrostatics, and van

der Waals forces truncated at 1.2 nm with corresponding pressure

and temperature control. We performed benchmark runs typically

for 10000 steps (20ps) with/without writing output any trajectory

and coordinate files (Note that with no write trajectories and

confout slightly increases the performance). For our tests, we used

the “-pin on” and “-dlb yes” GROMACS flags, where “-pin on”

stopped the kernel frommoving processes between cores by locking

the cores, and allowed dynamic load balancing to automatically run

when the load imbalance was 5% or more, which is important for

handling inhomogeneous systems. For optimal performance, we

also tried mdrun −resethway and −maxh=0.05 options, which

corrected the benching results. After these first test runs, the force

fields for SP-A were taken into consideration for a total of 10 ns, or

5,000,000 time steps, in order to obtain reasonable interaction

accuracy of SP-A within a water model.
T-REMD device: JUWELS supercomputer

The JUWELS multi-petaflop supercomputer (54) is located

at the Julich Supercomputing Centre (JSC, Germany). This is

one of the most powerful computing resources available in

Europe. It consists 2567 compute nodes (2511 CPU-only

partitions and 56 Nvidia V100 GPU nodes), where the nodes

are interconnected through Mellanox Infiniband high

performance network architecture. The CPU-nodes are

equipped with two Intel Xeon Platinum 8168 processors (base

frequency of 2.7GHz), while GPU-nodes are fitted with the two

2.4GHz Intel Xeon Gold 6148 processors. Each GPU node

contains four Nvidia V100 cards with 5120 CUDA cores. Note

that the peak performance of the mentioned cluster is ~4,15 TF/s

based on the Linpack Benchmark.
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T-REMD and classical graph cutting
device: Bridges at the Pittsburgh
Supercomputing center

The Br idges Supercomputer a t the Pi t t sburgh

Supercomputer Center has 752 Regular Shared Memory

(RSM) nodes. Each of these nodes consist of 2 Intel Haskell

CPUs with 14 cores per CPU, 9 AI-GPU nodes, each including 2

Intel Xeon Gold 6148 CPUs with 20 cores each and 8 NVIDIA

Volta V100 GPUs. Because of GROMACS’ capability to improve

performance through the use of GPUs, the AI-GPU nodes were

used for the completion of OPLS, CHARMM, and AMBER force

field implementations in T-REMD analyses on SP-A. These

nodes were also utilized for the completion of the Goemans-

Williamson interpretation of the MaxCut problem.
Goemans-Williamson implementation

We applied the Goemans-Williamson algorithm by using

the CVXGraph Algorithms Python package across the entire

atom map of the protein. In this implementation of the

algorithm, the atoms that were identified to be cut, were cut

from the map, leaving the most energy-resilient atoms, and

therefore the key binding sites on the protein.

E½W� =o
i<j
wij

arccos(υi*υj)

p
(15)

Equation 4. Goemans-Williamson MaxCut algorithm (55): E

[W] represents the expectation value of a node, i and j represent

the two dimensions of node movement, w represent the weight

of each node, and v represent the vector that the node

produces itself.

We used the Bridges Supercomputing System to run this

algorithm with PySpark used as the batching mechanism

between nodes. Other than this addition, there were no

additional changes made to the CVXGraph Goemans-

Williamson algorithm used.
Protein pruning by QAOA-based MaxCut
to feed into modular binding/
docking algorithms

Quantum computational graph cutting was necessary to

overcome the poor computational scaling of the docking

algorithms that make large scale protein structures

prohibitively time- and compute-expensive. Additionally,

ZDOCK's web server does not allow for large protein structure
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inputs. In this process, the weak potential bindings between

atoms without polarized qualities (“topological minima or

maxima” as described by Agarwal et al. (56) bound in low

electronegative environments) were cut (Figure 2).

Using the QPUs as analogs for the atoms in the proteins,

sets of three atoms each were mapped on qubits next to each

other in placements topologically similar to the interaction

space between the atoms themselves as identified by their PDB

files. Then, either the Goemans-Williamson was implemented

on the Bridges-AI cluster (https://www.psc.edu/resources/

bridges-2/), or the QAOA-MaxCut package from Rigetti and

Co. (https://grove-docs.readthedocs.io/en/latest/qaoa.html),

were utilized to implement the MaxCut process on the 3-

atom subgraph of those qubit positions on the Rigetti Aspen 8

QPU. The Rigetti Aspen 8 is a QPU device that operates using

superconducting Josephson junctions to create a silicon based

lattice structure of 31 qubits embedded onto a piece of gold and

cooled to nearly 0°K through the use of helium based cooling

c h amb e r s ( h t t p s : / / p a t e n t s . g o o g l e . c om / p a t e n t /

US10050630B2/en).

In the case of using Goemans-Williamson, the algorithm was

implemented on the Bridges-AI cluster. However, the input and

output processes for handling (e.g., with a Python file handler)

with Goemans-Williamson were the same as for QAOA-
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MaxCut, and, at the end of these processes, basis states

representing different qubits were cut from the graph at

different probability levels. These basis states were translated

to binary numbers according to the qubit and the flip state of

that qubit, and were contextualized to identify the qubit that

needed to be cut from the graph: 1s were accepted into the new

graph, and 0s were eliminated. To find the best binding site in

the best configuration, the highest probability basis states was

assessed, and the atoms with positions that had 0 values within

the basis states calculated were taken out from the overall list of

protein atom positions. Lastly, these atom positions were then

cross-referenced to the atoms they originally referred to in order

to verify which atoms need to be part of a new PDB file

representing only the best binding sites. Finally, this

conversion took place using the Biopython software package.

Once completed, the atoms that remained were rewritten into a

Protein Data Bank (PDB) file (Figure 3) (47, 57).
Measuring the effectiveness of SP-A
models through docking using ZDOCK

In order to study the effectiveness of each model in

determining tightest-bound binding sites, the models were
B C

D

E F

A

FIGURE 2

Pruning Program by utilizing the Quantum Approximate Optimization Algorithm (QAOA) on the Rigetti Quantum Processor. Process diagram for
finding protein binding by Pruning. (A) Create graphs of 3 neighboring atoms each, with angles beta and gamma stored (B) Fourier-transform
angles into frequencies to be placed on quantum chip by microwave. (C) Send microwaves to quantum chip. (D) Read results from quantum
chip to determine which atoms to cut, with 00=Cut. (E) Summation of cut atom graphs to build reduced structures. (F) Binding studies between
reduced structures with ZDOCK testing to identify the best binding sites.
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made to bind with the SARS-CoV-2 spike protein in its open

conformation (PDB: 6VSB). The binding between the reduced

(pruned) structures was completed by the use of the software

ZDOCK (University of Massachusetts Medical Center) (58, 59).

Within this software, tightest-bound binding sites are

determined through the closeness of a summation of Fourier

transform of topological and desolvation energetic parameter

scalars, and electrostatic values from CHARMM, for each atom

in 6 dimensions. We checked the potential binding presence,

affinity and locations for two complexes: the Spike protein and

ACE2, as well as Spike protein and SP-A. Binding locations,

ZDOCK affinity scores, and Root Mean Square Deviation

(RMSD) scores between the top 2000 conformations were

collected, assessed, and compared to each other and other

literature data.

Because the binding capability was reflected as a scalar score

value, a higher Scoretotal value represents stronger binding. We

compared the top 2000 conformations produced by ZDOCK for

the AMBER, OPLS, CHARMM, and QAOA-MaxCut models

and the tightest-bound binding candidates were reviewed

against other SP-A results. RMSD values across the top 2000

conformations were then calculated to determine which model

produces the highest accuracy conformations by the use

of ZDOCK.
Results

SARS-CoV-2 S protein (6VSB) and SP-A
(5FFR) trimer molecular pruning

The comparison of full protein structure and the reduced

molecules is shown in Figure 3. The left panel (Figure 3A)
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depicts the known structure of Spike protein (as published in

6VSB). The reduced structure (Figure 3B) is a result of

processing initial all-atom structures with MaxCut’s protein

pruning. In this, the angles between every neighboring three

atoms were Fourier-transformed into microwave frequencies

and sent to a QPU that identified the chemically irrelevant

atoms to eliminate based on their chemical topology (Figure 2).

The structures produced by QAOA-MaxCut (Figure 3 not right

panel) were identical to those produced by Goemans-

Willamson. This reduced all-atom structure has approximately

one-third of the original atoms, leaving only those groups of

atoms that represent the best binding sites for the protein; these

are electrostatically more actively “charged” and more likely to

be involved in the binding process. We confirmed that the

remaining residues contained all the potential binding sites in

the molecules as verified by the Universal Protein Resource

(UniProt) database. QAOA-MaxCut was also compared to

GROMACS using T-REMD using AMBER, OPLS, and

CHARMM force fields (47, 57).
SARS-CoV-2 S protein - SP-A
complex formation

In order to prepare the SP-A protein for docking, we took

the initial PDB file [model 5FFR (49)] from RCSB. Because 5FFR

was designed for the assessment of SP-A lipid binding

characteristics, it contained ions and phosphocholine to

facilitate that binding. To avoid any unexpected influence

from ions and phosphocholine, we removed them from the

PDB. Then, we processed this SP-A ’s PDB with the

aforementioned protein pruning tool and received the reduced

structure. Again, there was a significant change in atom numbers
B CA

FIGURE 3

SARS-CoV-2 S protein (6VSB) modeling. (A): The S protein trimer model (green ribbons representing chains A, B and C with red denoting glycan
residues) and bound SP-A (pink). (B): The final reduced S-protein-SP-A complex processed by our QAOA-based MaxCut protein pruning tool
followed by ZDOCK docking (purple representing glycan residues and X marking the SP-A binding site. (A, B) were derived from the visualization
software SAMSON. (C): The amino acid ASN 1134 on the S protein C chain is identified as a likely candidate to mediate SP-A binding. ASN 1134
is outlined by dark pink and the blue cubes represent NAG glycosylation.
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after using our QAOA-MaxCut based protein pruning tool:

5FFR (without ions and phosphocholine) has 1119 atoms and

the reduced model has only 411 atoms. Figure 4 shows the S

protein and SP-A complex after docking of corresponding

reduced PDB structures by ZDOCK. Surprisingly, while each

of the GROMACS based models predicted SP-A binding to the

open RBD of SARS-CoV-2 S protein, each of the graph cutting

based methods predicted binding to S2 instead.

The bound residues identify the known carbohydrate groove

of the SP-A including an ASN cluster (at positions 151, 190 and

214) flanked by TYR 188 and GLU 171. The structure

also shows the close proximity of NA+ and Ca++. Ca++ is

required for functional carbohydrate recognition by SP-A

(Figures 4B, C).
Characteristics of SARS-CoV-2 S protein-
SP-A binding after QAOA-MaxCut
pruning and root mean square
deviation values

RMSD values indicate the average deviation between the

corresponding atoms of two proteins evaluated for binding.

Smaller RMSD values suggest greater similarity between the

structures compared. The goal of designing improved algorithms

has been to be able to find the best orientation between two

structures that would result in the lowest possible RMSD. We

calculated the RMSD values characterizing SARS-CoV-2 S

protein-SP-A binding after QAOA-MaxCut pruning using

ZDOCK scores.
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Table 1 shows the top 16 ranked conformations (out of

2000). The higher ZDOCK scores predict greater binding affinity

between docking sites. Each specific docking site/conformation

is identified by a 3-dimensional topological assignment denoted

by x, y, and z coordinates.

Table 2 shows the top 16 amino acids/ligands included in the

binding between SARS-CoV-2 S protein and SP-A together with

the atoms involved in the contact and the binding distance

between these atoms. By studying the originally published 6VSB

NAG glycosylated model of SARS-CoV-2 S protein, we found

that many of the NAG residues located in the S2 fusion domain

were predicted to be involved in SP-A binding. Notably, a group

of NAGs (labeled in this model as 1301, 1302 and 1312) are

identified as top candidates for binding. This is important

because ASN molecules known to undergo post-translational

glycosylation were also found in a cluster (at positions 1125,

1134, 1135) in the S2 fusion domain creating a “hot spot” for

carbohydrate-lectin (add hyphen) binding. Indeed, from the SP-

A side, the TYR at position 188 had the strongest potential

binding with S protein NAGs, while ASN at position 151 also

came up in multiple conformations. ASN 151, similarly to the

SARS-CoV-2 S protein, forms a carbohydrate binding cluster

with ASN 190 and 214 near to the Ca++ binding pore

(Figure 4; Table 2).

The average RMSD value calculated from 2000 ZDOCK

binding conformations was 43.5 Å for the S protein - SP-A

complex. This value is markedly lower than what we found for

the average S protein - ACE2 RMSD, which was 272 Å following

the same pruning and docking procedure. Using our QAOA-

MaxCut protocol, the RMSD value was also lower than what we

found by OPLS, AMBER, and CHARMM; these were 133.9 Å,
FIGURE 4

The complex resulting from docking of reduced structures of the S protein and SP-A with ZDOCK highlighting the top ranked binding sites on
SP-A. (A): Visualization by SAMSON after clashes/contacts with less than 2 Å distance were identified using the Chimera program. (B): The top 5
binding sites are shown (ball and stick) highlighting bound NAG (purple space fill balls). SP-A and S protein amino acid residues are shown as a
ball and stick. NAG1301 is bound to ASN1134 on the S protein and is shown in close proximity to ASN151 of SP-A. (C): The SP-A carbohydrate
binding grove showing the amino acids identified in the pruned complex including ASN 151 (pink) TYR 188 (khaki), GLU 171 (bordeaux) and Ca++
(green) and Na+ (purple). ASN 151 is clustered with ASN 214 and ASN 190 amplifying carbohydrate binding ability. The groove is flanked by TYR
188 and GLU 171 and harbors a Ca++ and a Na+ ligand. Presence of Ca++ is known to be required for carbohydrae binding. Atoms represented
by the balls and stick are: (O): red; (C): grey; (Ca): green; (Na): purple; (S): yellow.
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150.7 Å, and 173.1 Å, respectively, for assessment of SP-A- S

protein binding. These results suggest that the S protein - SP-A

complex forms with a high affinity, that it is likely a

biochemically relevant configuration, and that the QAOA-

MaxCut produced pruned structures are effective in predicting

binding conformations.
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Discussion

Using a novel in silico approach we discovered potential

binding sites between the SARS-CoV-2 S protein and SP-A, an

immunoprotective lung collectin. We originally hypothesized

that SP-A competes with ACE2 for the same binding sites. Our
TABLE 1 Top 16 ZDOCK scores, representing the electrostatic and geometric fit between protein residues, out of 2000 potential conformations
between SP-A and SARS-CoV-2 Spike.

Conformation
rank (of 2000)

X Docking Grid coordinate Y Docking Grid coordinate Z Docking Grid coordinate ZDOCK Score

1 140 38 30 448.202

2 173 21 60 405.703

3 5 27 55 390.222

4 163 48 44 386.713

5 140 38 28 386.160

6 178 31 65 376.122

7 139 40 31 373.924

8 147 49 26 372.902

9 5 25 53 372.588

10 145 39 27 371.860

11 139 43 29 365.741

12 173 22 60 364.003

13 138 34 22 359.788

14 8 30 55 352.675

15 140 46 31 349.967

16 151 55 27 342.542
The central atom position between each conformations of the bound SP-A and the S protein is determined by the X,Y,Z coordinates that reflect the spatial localization differences.
TABLE 2 Top 16 binding sites between SP-A and SARS-CoV-2.

S Protein Chain; Amino Acid/
Glycan residue; Contact Atom
for Binding SP-A

Position of NAG or amino acid
on the S protein (6VSB, pub-

lished Feb 2020)

SP-A Amino Acid;
Contact Atom for

Binding the S Protein

Position of
Amino acid on
SP-A (5FFR)

Distance
between both
atoms (Å)

C; NAG; O 1301 TYR; C 188 1.308

C; NAG; O 1301 TYR; C 188 1.730

C; NAG; O 1301 TYR; C 188 1.905

C; NAG; C 1312 ASN; C 151 2.309

C; NAG; O 1312 ARG; C 197 2.079

C; NAG; O 1311 PRO; C 175 2.153

C; NAG; C 1312 GLU; C 171 2.455

C; NAG; C 1312 GLN; C 199 2.635

C; CYS; C 1126 SER; C 187 2.572

C; ILE; C 1130 SER; C 185 2.715

C; NAG; C 1302 TYR; C 188 2.620

C; NAG; C 1301 THR; C 189 2.653

C; NAG; C 1302 TYR; C 188 2.745

C; NAG; C 1302 TRP; C 213 2.749

C; NAG; C 1302 ASN; C 151 2.885

C; NAG; C 1311 PRO; C 175 2.809
The chain, the amino acid, and their respective atoms that are predicted to mediate binding between the S protein and SP-A according to the minimal distance that can be achieved between
two atoms.
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pruned molecular binding models indicated that SP-A is bound

to the S protein with a similar affinity to that of ACE2 but in a

different site in the S2 fusion segment. The amino acids involved

in this interaction point to a highly glycosylated area of both

molecules. Our hybrid quantum and classical computational

study augments currently available structural and experimental

results and highlights the importance of carbohydrate binding in

the pathogenesis of SARS-CoV-2 infection.

The binding domain on the S2 segment we uncovered is not

the most well-known of the S protein. Interference with this

region, however, may affect viral fusion with the host cell

membrane preventing viral entry and infection. Indeed, recent

cryoEM, X-ray crystallography and membrane fusion assays

show broad inhibition of the virus through areas other than

the RBD (33–35, 60–62). Thus, binding by SP-A to the S2 region

responsible for conformational destabilization of both the S1 and

S2 segments may prevent viral entry to the host cell (9, 63). We

found that SP-A would preferentially bind glycosylated sites on

the S protein. Similarly to mannose binding lectin (MBL) and

SP-D, carbohydrate binding by SP-A takes place in a

specific pore in the carbohydrate recognition domain of the

molecule in close proximity to a Ca+ ion. These collectin

molecules have a high affinity to mannose (49). S protein is

also a mannose-binding protein (20, 64). Interactions between

SP-A, the S protein, and glycans may have functional

significance in regulating protease access using glycan shields

(8, 18).

Binding between the CRD of SP-A and carbohydrate

residues on the S protein could also lead to opsonization and

viral clearance by immune cells not bearing ACE2 receptors. SP-

A binds to polysaccharides, phospholipids, and glycolipids on

the surface of pathogens and also induces calcium-dependent

aggregation of lipid vesicles (65). This binding is essential for the

opsonization process resulting in the clearance and elimination

of pathogens by phagocytes (22, 66, 67). SP-A-mediated

phagocytosis is facilitated by collagen receptors such as

calreticulin/CD91/LRP. In fact, SP-A can induce both anti- or

proinflammatory immune cell responses by alternately ligating

SIRP-a or calreticulin/CD91/LRP on the membrane of

macrophages (68). Glycosylation alterations in SP-A can affect

maturation, secretion, aggregation, and degradation of the

molecule itself, although not usually through N-glycosylation

sites (69). Thus, independent of ACE2 binding, SP-A

recognition of carbohydrate moieties clustered on the surface

of the S protein may drive pathogen clearance through

opsonization (66) and protect from receptor-mediated

internalization, increased inflammation, and systemic spread

of infection (20).

Cell surface-bound lectin type receptors such as L-SIGN and

DC-SIGN were also implicated in glycosylation-dependent S

protein interactions with multiple cell types (70). Other cell
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surface receptors were also shown to facilitate alternative

(ACE2-independent) viral entry to cells. Apart from the lectin

receptors (that utilize carbohydrate moieties on the S protein), a

group of integrin-type receptors also emerged as important

players. Integrins can mediate viral internalization either

through recognition of the arginin-glycine-aspartate (RGD)

region of the RBD (arginin-glycine-aspartate) of the SARS-

CoV-2 Spike protein (71–73), or independently of it (72).

These alternative cell entry pathways are important in

amplifying and spreading viral entry to structural cells. Thus,

by binding to a highly glycosylated portion of the S2 region, SP-

A may play an important protective role in ACE2-independent

viral pathologies. It is notable that our investigation was based

on utilizing a “fully glycosylated” model of the S protein (6VSB)

to represent the SARS-CoV-2 S protein, as it had 44 of its 66 N-

Acetylglucosamine (NAG) identified in experimental cryoEM

microscopy work, not through computational placement (12).

Since the initial release of the 6VSB model (that we used for

identification of the NAG sites), the original NAG sites and

identification numbers have been changed. It is important to

bear in mind that most glycosylation sites on available models

are arbitrarily added to proteins and may not always be an

accurate reflection of reality. Our observations therefore warrant

additional in silico, in vitro and in vivo investigations to verify

and identify further mechanistic details and the specific clinical

and pathological significance of carbohydrate-based SP-A –

SARS-CoV-2 interactions.

Along the same line, the most naturally occurring

configuration of SP-A is an octadecamer (22, 66) but our in

silico predictions were performed using an available trimeric

neck-CRD (5FFR) model of the molecule. SP-A (encoded by two

genes SP-A1 and SP-A2 into largely identical 35-kD peptides)

has a similar structure to MBL, SP-D, and C1q. Six of the SP-A

homotr imers form an octadecamer “bouque t” of

unidirectionally positioned molecules composed of a carboxy-

terminal C-type lectin domain, a coiled-coil neck region, a

collagen tail and an amino-terminal domain (19, 22, 26, 28).

However, when complexed with SP-B, lipids or detergents (65)

or under inflammatory conditions, SP-A loses its geometric and

topological octadecamer features and structurally reforms into

smaller oligomers (i.e., it falls apart) (74). Given that to date no

experimentally determined SP-A structural model that includes

all of its amino acids exists, in silico results using current

truncated models should be carefully interpreted. Further

studies will be necessary to determine how higher order

oligomerization of SP-A is regulated and how it affects binding

characteristics especially interactions between SP-A and the

S protein.

Our computational approach used a shared logical model

from the quantum chemistry of these proteins, including the

modeling of their binding/docking after computationally
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pruning targeted sites to reduce the size of the proteins and the

number of conformations to be analyzed. We used a

combination of an electronegativity mapping software that

performs QAOA-MaxCut functions, followed by ZDOCK

assessment of binding between the SARS-CoV-2 S protein and

SP-A. This novel approach allowed to complete top binding site

determination in a more rapid manner than the widely used

GROMACS program, while providing similar binding sites that

OPLS, QAOA-MaxCut, and AMBER did. Quantum algorithms

can utilize superpositions of each state and entanglement

between states to produce strong cut probabilities nearly

instantaneously for multiple atoms, while classical processing

devices must complete these tasks serially for each atom. This

allows for a slimmer algorithmic approximation that does not

require multi-axial force calculations or higher order functions.

The steps completed by GROMACS to properly characterize the

forces for each atom are additive amongst the atoms and then

additive amongst each pair of atoms, creating a computational

complexity of O(n2) for each atom (75). Goemans-Williamson,

while it requires lower dimensionality, has a complexity of O

(n2logn) due to its arccos term (76). Thus, QAOA is naturally the

fastest algorithmic implementation, with an expected

performance in the O(logn) regime.

Surprisingly, while each of the GROMACS based models

predicted SP-A binding to the open RBD of SARS-CoV-2 spike,

each of the graph cutting based methods predicted binding to S2

instead. This discrepancy prompted us to compare the programs

we used. Regarding the accuracy of the configurational spaces,

GROMACS was the only software that effectively captured the

effects of simulation with a saline solution on the protein in the

form of direct coordinate shifts, and initialization of a water

model to ensure neutral solvency. However, this process, which

leans heavily on atom-by-atom calculation of Coulombic forces,

scaled up exponentially with squared time steps for each added

atoms when it came to assessing protein-to protein interactions.

To be able to feasibly perform our study, a cap at 5,000,0000 time

steps, or 50 ns, had to be implemented on both the BRIDGES

and JUWELS clusters limiting the ability to precisely simulate

protein movement dynamics (57). Further, we compared the top

docking score, docking pose (conformation and orientation),

and Root Mean Square Deviation (RMSD) across OPLS,

AMBER, CHARMM, and the QAOA-MaxCut-prepped SP-A

models. We found that the docking values created with the new

graph cut model had lower deviation across all final

conformations than those found by GROMACS, and the top

binding sites identified on SP-A were on the same residues by all

the programs we studied. These results suggested that the S2 -

SP-A complex forms with a high affinity, that it is likely a

biochemically relevant configuration, and that the QAOA-

MaxCut produced pruned structures are effective in predicting

binding conformations.
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Nonetheless, it is important to address the question

whether the discrepancy in binding site prediction between

the GROMACS and QAOA-MaxCut programs could be due to

the elimination of some important amino acids by the latter.

QAOA-MaxCut is a state-of-the-art method to approximating

a solution to MaxCut, a problem-space characterized by the

maximum size cut within a graph of nodes and edges that

cannot be completed in polynomial time on a classical

computer. Critically, QAOA-MaxCut studies atomic graphs

of only three atoms in every instance of cutting one. The

program finds maximum cut values based on the angles within

the graph and evaluates the ability of the algorithm on

quantum hardware to reach the lowest possible cost values,

or combined bias values, for each potential cut. The graphs we

fed the algorithm in this study had the bond angles of each

atom within the 3-atom sets. As electronegativity and bond

angles are directly proportional, the most electronegative atom

with the largest bond angle within a set was cut. Important

amino acids would not be eliminated in this atomic level

modeling. Additionally, we confirmed that the remaining

residues contained all the potential binding sites in the

molecules as verified by the Universal Protein Resource

(UniProt) database for both SP-A and the SARS-CoV-2 S

protein. On SP-A, UniProt identified a glycosylation site at

amino acid 207, which in our model would be amino acid 214

(5FFR), included in the ASN cluster we identified. As we

discussed above, in our interpretations we need to carefully

take into account the discrepancies in the amino acid and

glycan ligand numbering due to structural file differences

between available published structures.

Our computational model while, providing improved

accuracy (low RMSD) and efficiency (reduced computational

time) in assessing protein-protein binding sites between SP-A

and the SARS-CoV-2 S protein similarly to other currently

available algorithms, could not provide insights to the

molecular dynamics of the bindings. Molecular dynamics

simulation packages such as GROMACS are based on the

application of classical mechanics models to study physical

systems at the atomic level. Regardless of the software, they

include force computation with van der Waals, electrostatic

(Coulomb), and various bonded and non-bonded terms to

provide a projection of laboratory experiments with potentially

greater detail albeit still as an approximation [reviewed in

detail by Khan et al.(77)]. Importantly, protein folding, the

process necessary to assume biologically meaningful ligand-

receptor interactions, is estimated to take at least a

microsecond (77), making accurate modeling of these

currently beyond the reach of available computational

approches. How molecular dynamics simulation can be

accelerated, however, is an exciting area of investigations in

the computational field.
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ACE2 Angiotensin Converting Enzyme 2

ARG Arginine

ASN Asparagine

CHARMM Chemistry at Harvard Macromolecular Mechanics

COVID-19 Coronavirus Disease Pandemic 2019

CRD Carbohydrate Recognition Domain

Fc Crystallizable Fragment

GLN Glutamine

GLU Glutamic acid

HAT Human Airway Trypsin-like protease

HIS Histidine

LEU Leucine

MASP Mannose Binding Lectin Associated Serine Protease

MBL Mannose Binding Lectin

NET Neutrophil Extracellular Traps

Extracellular
Traps

NHS National Health Service United Kingdom

NISQ Near Intermediate Scale Quantum

PAR4 Protease-activated Receptor 4;

PHE Phenylalanine

PRO Proline

QAOA Quantum Approximate Optimization Algorithm

RMSD Root Mean Square Deviation

RSV Respiratory Syncytial Virus

S1 Subunit 1 of the SARS-CoV-2 Spike that is found at its tip

S2 Subunit 2 of the SARS-CoV-2 Spike that is bound to the rest of
the virion

SARS CoV-2 Severe Acute Respiratory Syndrome Coronavirus 2

SER Serine

SIRPa Signal Regulatory Protein-alpha

SP-A Surfactant Protein-A

SP-B Surfactant Protein-B

SP-C Surfactant Protein-C

SP-D Surfactant Protein-D

S Protein SARS-CoV-2 Spike Protein

THR Threonine

TMPRSS2 Transmembrane Protease Serine 2

TRP Tryptophan

TTSP Type II Transmembrane Serine Proteases

TYR Tyrosine

UNK Unknown/Unlabeled

VAL Valine

ZDOCK Docking Program based on the Fast Fourier Transform algorithm
developed by the Zheng Lab, at the University of Massachusetts,
Amherst
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